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ABSTRACT 

Land subsidence can be deffined as the differential sinking of ground surface with respect 

to the surrounding terrain or sea level. Although, land subsidence occurs due to natural 

causes, considerable amount of subsidence takes place due to extraction of coal and ore, 

underground excavation for tunnels and caverns, or due to the withdrawal of 

groundwater, oil and gas fflom the subsurface zones. In this study, land subsidence 

phenomenon is however assumed to be due to groundwater abstraction fflom aquifers. 

When water is exploited from an underlying aquifer, the intergranular stress (effective 

stress) in the solid matrix increases owing to a drop in the pore pressure assuming the 

total stress remains constant. This in turn contributes to compression ofthe soil matrix of 

the aquifer which eventually manifests into subsidence. Land subsidence is best 

understood using the theory of consolidation and it almost is non-recoverable and causes 

a permanent decrease in the storage volume ofthe medium. Subsidence has been found to 

be signifficant in conffined and leaky confined aquifers however it takes place in phreatic 

aquifers too. The changes in saturation, and hence, in pore water pressure in the 

unsaturated zone contributes to subsidence, though to a much lesser degree. When soifi 

material (layers or lenses) comprise a part of the aquifer's soil skeleton or, when 

aquicludes separate leaky aquifers fflom each other, an appreciable amount of subsidence 

could occur. However, in this study a methodology for prediction of the land subsidence 

due to groundwater withdrawal fflom an aquifer system underlying Salmas Plain located 

at northwest of Iran is developed. 

A regional land subsidence model is ffirst developed to simulate the groundwater flow in 
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the upper leaky-unconffined aquifer that is coupled with the lower leaky-conffined aquifer 

through a thin aquitard and the resulting consolidation of the soil matrix is determined. It 

is assumed that the horizontal displacement of the ground surface is negligible. The 

partial differential equations for the conffined and unconffined aquifers subject to 

hydrogeological variables and initial and boundary conditions are solved by the ffinite 

element method (FEM). The model requires geomechenical and hydrological parameters 

at each nodal point to obtain a reliable estimate of the land subsidence due to 

groundwater extraction. The hydrological parameters of aquifers such as hydraulic 

conductivity and the vertical uniaxial porous media compressibility are available only at a 

few points of the grid and hence a set of these parameters is to be determined ffirst using 

inverse problem of Artifficial Neural Networks inversion (mANN) in addition to a 

combination of a ridge function and neural networks (RFn-NN). 

For the ANN inversion, the values of hydraulic conductivity at each node were assumed 

randomly (in the range of 2.7 to 1 87.3 mId according to the fleld measurements) in the 

study area. The FEM numerical model was solved for different set of values of hydraulic 

conductivity lying in the above range and about 105,000 sets of data were generated. An 

optimal artifficial neural network (ANN) architecture was trained with an optimum set of 

these generated sets of data and validated to predict the hydraulic conductivity at each 

node aifier inversion of the trained ANN architecture. Similarly, for a combination ridge 

function and neural network, the location and hydraulic head values of the 29 monitoring 

wells used to predict the hydraulic conductivity at each nodal point through optimization 

using the Levenberg-Marquart technique. The values of hydraulic conductivity obtained 

by two procedures were ffinally used in the numerical FEM model to predict the hydraulic 
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head at each node in the domain and the hydraulic heads obtained compared with the 

fleld data. The results show that although both algorithms are capable of simulating 

transient flow in the aquifer to obtain the spatial groundwater head with a high amount of 

accuracy, RFn-NN procedure gave better results and the algorithm converges much faster 

compared to the mnANN algori伽m. 

Furthermore, the Interferometric Synthetic Aperture Radar (InSAR) technique was used 

to develop spatially detailed maps of land subsidence between i 5 Mar. , 2004 and 24 

May, 2004 October 20, 1993. The results indicate that land subsidence is predominant at 

four different regions of the Salmas Plain. Also, the regions that experience coherent 

signals of land subsidence are the areas with a dense population of pumping wells. 

Further, groundwater heads in the piezometric wells in or near the subsidence bowls 

show a continuous decline in value indicating that land subsidence occurs due to 

localized pumping. 

Though InSAR technique was able land subsidence of a majority of grid points in the 

domain for the grid points that were not detected by synthetic 	radar 

nterferometry, the RFn-NN procedure was used to estimate subsidence. The spatial 

values of the soil matrix compressibility for entire domain were also estimated using 

RFn-NN. 

Moreover, the regional land subsidence model developed is validated by matching the 

observed aquifer-head distribution available for the periods 1984-1990 and 2003-2006 

with the 句draulic heads determined by the numerical model. The results show that the 

simulated head values compare well with the fleld measurements values of hydraulic 
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head for both the aquifers. The model is also validated by conducting a comparison 

between the land subsidence obtained using the numerical model and those detected 

using synthetic aperture radar interferometry. Again, the results indicate that that there 

exists a good match between the computed and the detected land subsidence. The 

validated regional land subsidence model is then used to predict the future land 

subsidence for the period of 2007-20 1 7 assuming the pumping rate and its distribution to 

be equal to the rate and distribution ofpumping in 2007. The results indicate that the rate 

of groundwater-level decline in the 	season is larger than the rate of groundwater- 

level increase in the winter season. The total compression that occurs in the sur叩ユer is 

much greater than any expansion that takes place in the winter due to rise in groundwater 

levels and a signifficant 	of subsidence is predicted during next decade in Salmas 

Plain. 
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