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Abstract

Over the last decade, many areas of Iran have been increased in suffering from land
subsidence due to a large exploitation of groundwater, needed to cope with the water
scarcity caused by low precipitation. The plateau of Qom, especially the area of Aliabad
village (Aliabad plain), has encountered many problems due to subsidence which occurs as
cracks in building walls and fractures in wells. In this paper, we are going to evaluate land
subsidence in some parts of Qom plateau, in particular Aliabad plain, by a numerical model
(PLAXIS® 3D; v1.6) considering aquifer pressure changes, hydrological and geotechnical
data. Results of the study reveal that since 2001-2013, the average groundwater level
decline was measured 26.35 m and the corresponding subsidence had been 0-76 cm in
different areas of the plain. Response of the saturated geologic units toward the changes in
ground water level due to groundwater extraction and, in turn, land subsidence depends on
the characteristics of geological materials in the units. Moreover, the units containing a
combination of grain and fine soil, such as sand and clay which are completely different in
the geotechnical parameters, tend to react differently due to all changes in the groundwater
level.

Keywords Subsidence - Groundwater - Qom - PLAXIS

1 Introduction

One of the major problems related to excessive exploitation of groundwater tables is water
level decline and densification of strata and sediments. It is often observed in semiarid and
arid environments and makes the ground subside gradually or suddenly which creates
cracks in the ground surface, destroys buildings and pipelines, changes the inclination of
streams and roads, gradually sinks rigs and structures, fractures the walls of wells, changes
land slope. Subsidence usually does not occur at the same time as the leaving fluid, but it
occurs in a longer period of time (Scott 1979). The land subsidence varies from 1 to 50 cm
per 10 m drop in the water table, and its range depends on thickness and densification of
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strata, loading time and the area’s stresses (Lofgren 1969). Globally, the highest risk of
subsidence due to water table decline had been since 1950 when urbanization and
industrialization grew. The severe outcomes to the environment and economy of the global
distribution of land subsidence demonstrate that it requires more and deeper research on an
international scale (Hu et al. 2004). Geohazards and destructive effects caused by land
subsidence from extensive overexploitation of groundwater have been reported in Hous-
ton-Galveston, Texas, USA (Gabrysch 1984), Tianjin, China (Yi et al. 2011), Bangkok,
Thailand (Phien-wej et al. 2006), Venice, Italy (Teatini et al. 2012), Quetta Valley, Pak-
istan (Khan et al. 2013), Mexico City, Mexico (Yan et al. 2012), Jakarta and Samarang,
Indonesia (Chaussard et al. 2013). In Iran in recent years, subsidence has been reported in
some aquifers like Yazd (Amigh Pay et al. 2010), Rastagh (Zare Mehrjerdi 2011), Salmas
(Sedighi et al. 2010), Sirjan (Abbasi Nejad and Shahi Dasht 2013), Mashhad (Motagh et al.
2007), Rafsanjan (Motagh et al. 2017), Tehran (Mahmoudpour et al. 2016) and Arak
(Rajabi and Ghorbani 2016) all because of groundwater level decline. One of the other
areas subjected to subsidence is Kerman province in which subsidence has been measured
42 cm in Rafsanjan and 27 cm in Sirjan for a 10-m water table depletion (Rahmanian
1986). In Rastagh, south Meybod, a subsidence about 50-120 cm has occurred from 1991
to 2011 (Zare Mehrjerdi 2011). An average 10-15 cm/year of subsidence has also been
reported in northwest of Mashhad (Motagh et al. 2007). The destructive effects of this type
of subsidence have also been reported in Tehran (Mahmoudpour et al. 2016), Arak (Rajabi
and Ghorbani 2016), Mahyar, Nayshabour and Kashmar (Lashkaripour et al. 2010).

Poroelasticity consolidation theory which was formulated by Biot (1941) is used to
explain land subsidence phenomenon. Poroelasticity theory is considered as a quite useful
method to analyze the interaction between skeletal-matrix deformation and fluid flow
(Hsieh 1996). The effective stress, which was firstly introduced by Terzaghi (1925), is
applied to elucidate the occurrence of land subsidence depending on the drop in ground-
water level (Galloway et al. 1999). Excessive groundwater withdrawal from aquifer sys-
tems decreases pore water pressure and increases effective stress. Enhancement of
effective stress leads to compaction of hydro-stratigraphic units, including aquitard and
aquifer units and consequently land subsidence. According to the Calderhead et al. (2011),
aquitard units which consist of clay and silty clay experience higher compressibility and
greater compaction than aquifer units consisting of sand. When the stress imposed on the
skeleton is smaller than the previous maximum effective stress, aquifer-system deforma-
tion will be elastic and recoverable. In conditions that the stress is greater than the pre-
consolidation stress, the pore structure of the fine-grained sediments rearranges into a
configuration that becomes more stable at higher stress. This may lead to an irreversible
reduction in pore volume and in inelastic compaction of the aquifer system (Sneed et al.
2003). Pre-consolidation stress is the maximum effective stress that the soil has ever
experienced. This maximum stress separates elastic and reversible deformation from
inelastic and partially irreversible deformation (Tomas et al. 2007). According to
Calderhead et al. (2011), numerical models are quite effective tools to evaluate the evo-
lution of land subsidence caused by groundwater pumping. They are considered as the
most powerful tools to predict and assess future land subsidence (Cao et al. 2013). As an
example of numerical simulation applications, PLAXIS (1998) has been used to simulate
the effect of the size and number of clay zones on the value and the pattern of distribution
of subsidence around the wells (Budihardjo et al. 2014), estimate of consolidation of
settlements caused by groundwater drainage (Altinbilek 2006) and estimate of land sub-
sidence and earth fissures due to groundwater pumping (Adiyaman 2012).
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The plateau of Qom, in particular Aliabad plain, is one of the most important plains in
Iran which is at risk of ground subsidence. This phenomenon has appeared in the form of
subsidence and cracks in the walls of buildings and failures in wells (Fig. 1). Providing lots
of irrigation and drinking water from the plain on the one hand and low precipitation on the
other has been resulted into intensive depletion of the groundwater table. Accordingly,
from 1993 to the present, after subsidence occurrence, this plain has been labeled as a

Fig. 1 a Subsidence in the vicinity of piezometers, b openings caused by subsidence near the Aliabad plain
(Reproduced with permission from Qom Regional Water Company 201 1a, b)
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banned plain. In the present study, we are going to investigate the subsidence in the plain of
Aliabad plain and its relationship with water table variations.

2 Previous study

Subsidence has been occurred in many places around the world such as Mexico City,
China, Thailand, Japan and the USA (Zhou and Esaki 2003). A number of subsidences
ranging from 1.1 to 43.8 mm/year were identified in Ganges—Brahmaputra—Meghna
(Brown and Nicholls 2015). Strozzi et al. (2014) also reported significant movements with
values ranging from 2 to 12 mm/year above Gotthard Base Tunnel in Switzerland from
2003 to 2010. Bandung basin located in west Java, Indonesia, which is a large intra-
montane basin surrounded by volcanic highlands indicated an average subsidence rate of
8 cm/year (Gumilar et al. 2015). Ground failure associated with land subsidence due to
groundwater withdrawal is the main geotechnical hazard in the Aguascalientes Valley, in
Mexico (Pascheco Martinez et al. 2013).

Sasaoka et al. (2015) described the condition of underground coal mine in Indonesia and
then discussed the subsidence behavior due to longwall mining operation based on mea-
sured data in Balikpapan coal-breaking formation in Indonesia. Radouane et al. (2015)
using a finite element method and applying an elasto-plastic model analyzed the stability of
underground mining on the Chaabte El Hamra mine in Algeria. Similar researches also
have been conducted by Ammar and Khalid (1997), Abidin et al. (2001), Xu et al. (2007),
Abbasi Nejad and Shahi Dasht (2013), Cui et al. (2015), Zhou et al. (2017) and Budihardjo
et al. (2014).

In order to assess the subsidence phenomenon qualitatively and quantitatively, several
studies have been done in Qom plain. Fereydouni et al. (2006) studied the causes of
destruction in some structures of west and southwest of Qom. In this study, it was found
that the main cause of subsidence and damage to buildings are finally presence of
expandable marls around the foundation. Nazari and Arab Nejad (2006) studied the reasons
of subsidence in Qom plain with a quantitative and qualitative assessment and introduced
the impact of water extraction on the ground subsidence more than the sediments loading
agent. Agha Babaie et al. (2010) studied the land subsidence in the region of Saveh in the
Qom basin, using the radiometric techniques. Moghadam Fereydouni et al. (2011) studied
the causes of subsidence in the plain of Aliabad Qom. After hydrological and morpho-
logical feature assessment, they found that the main cause of subsidence in the area in
recent years is the decline in groundwater table. They knew that dam construction on the
river Kara-chai, successive droughts and increasing agricultural wells are the main reasons
for the change in hydrological regime and ultimately the ground subsidence of the region.
Jafari et al. (2013) studied the amount of subsidence due to groundwater exploitation in
Qom plain using hybrid modeling and techniques of InSAR. The results showed that the
rate of subsidence during the years of 2003-2010 was about 70 cm. However, the subsi-
dence problem in Qom plain is still a challenging issue in the researchers mind. Using
numerical modeling, Mahmoudpour et al. (2016) assessed ground subsidence rate in the
southwestern plain of Tehran and revealed that assuming a constant rate of pumping in the
future, land subsidence will reach 33 cm by 2018. Their study confirmed that land sub-
sidence caused by groundwater pumping is a serious threat to southwest Tehran.
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2.1 The study area

The plain of Qom is a vulnerable area due to groundwater exploitations. It is positioned in
N/NW of Qom province between the longitude of 49°59'35” to 51°03'27"E and the latitude
of 34°27'23" to 35°12'16”N. The area of the region is about 4045 km?2, from which
2125 km? is under the authority of Qom province water headquarters. The eastern border
of plain leads to Sharifabad and Masileh plains. Alborz overthrust is the main structure in
the southern border which separates mountains from the plain. The average altitude of the
plain from sea level is 958 m, and the common slope is eastward with an average of 34
percent, which increases toward the west. The study area, Aliabad plain, as one of the
damaged areas caused by extensive overexploitation of groundwater is commonly located
in Qom and Markazi provinces. The most important cities in the area are Qom, Saveh,
Dastjerd and Jafariyah. Figure 2 shows the location of the study area.

The study area is located in the northwest tectonical unit of central Iran and is affected
by the alpine Zagros orogenic stressing forces from southwest and by Alborz orogenic
stressing forces (mainly Pasadenian phase) from north and northwest. Active faults in
southwest of the area, such as Hendos, follow Zagros faults trend and lay along the
northwest-southeast trend, being the main tectonic phenomenon of the area from south of
Gezel Darreh village to the east of Khalajestan sub-catchment. From the north of Gezel
Darreh village to the north of Aliabad Shahjerd, a thrust fault has moved Eocene volcanic
and sediment strata to the verge of alluvial formation of Hezar Darreh (Fig. 3; Darvish-
zadeh 1991).

The plain of Qom mainly consists of clay and clastic formations. From around the
village of Saman to the western margin of Louin plain, old alluvial sediment series have
been developed. These sediments, mainly consisting of conglomerates, clay matrix and
layers of clay, are old fluvial terraces of Mazlaghan River and are not permeable enough
for exploitation of the groundwater. Concurrent alluvial includes small and large alluvial
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Fig. 2 Location of the study area
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Fig. 3 Geological basic map of the study area (adopted from Qom Regional Water Company 2011a;
Geological Survey of Iran 2002)

fans from rivers and streams leading to low plateaus (Qom Regional Water Company
2011a).

In the study area, the average 25-year precipitation has been 218 mm with an average
yearly temperature of 16.7 °C. Yearly evaporation rate in Aliabad station has been
238.5 mm. In hydrological terms, the study area is placed on the Basin of Namak Lake.
This plain has a major river called Gharreh Chai, which has been drained with the man-
ufacturing of Alghadir Dam in 1993 in the neighborhood of Aliabad village (downstream
of the dam). The drinking water in the area has been traditionally provided by the river and
Kanat, but today it is supplied by deep and semi-deep wells.

According to hydrograph data of Qom plain, there has been a monotonous trend in
groundwater table decline until 2001 (Fig. 4); however, a major decline is seen afterward,
such that in 8 years, the whole plain has experienced a 30-m depletion (Qom Regional
Water Company 2013).

In Fig. 4, a descending hydrograph shows a critical decline, especially from 2006 to
2013. The balance rate of the groundwater has decreased from 925.81 m in 1994 to
894.64 m in 2013. In other words, during 20 years, the groundwater table depletion has
been 31.17 m (an average of 1.56 m/year; Qom Regional Water Company 2013).

2.2 Data and method

This study has been conducted using a numerical simulation of geotechnical software
called PLAXIS® 3D (Brinkgreve and Broere 2006). This program is able to calculate
consolidation theory based on Biot (1941). This software is used to analyze the defor-
mation and the characteristic of various soils to some extent, similar to their actual
behavior (PLAXIS 1998). This program also conducts calculations based on the finite
element method used to analyze the deformation and stability of different applications in
the geotechnical field.
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Fig. 4 Changes in groundwater level of Qom plain from 1993 to 2013 (data adopted from Qom Regional
Water Company 2013)

The first step of the model configuration is to create realistic and simplified geological
profiles of the study area. Other input parameters necessary for the configuration of this
model include the geotechnical properties of the various soil layers and the groundwater
fluctuations history. By obtaining these data, the constitutive laws reproducing the stress—
strain relationship of the materials as well as the loading history of the materials can be
appointed, simulating the phenomenon. Considering the depth of the deepest wells
exploiting the deep confined aquifers (about 182 m in present study), taking into account
the depth of the geologic units (182 m) and the water level variations (between 1.22
through 44.22 in 1993-2013), the thickness of the profiles was selected. In order to con-
figure the excess pore pressure along the boundaries, a close consolidation boundary has
been applied at the base and at the sides of the profiles after setting up the simulation
profile. In order to identify the soil behavior, in the present study, the Mohr—Coulomb
elastic-perfectly plastic model has been taken into account to be the suitable constitutive
law for the simulation of the geomaterials. Moreover, using the consolidation theory
calculations has been conducted.

In this paper, after field survey, the area of subsidence in Aliabad plain was studied in
hydrological and geological point of view. Thereafter, among 26 studied regions/zones, 10
out of all plain areas were selected as representative based on availability of accurate data
and geological and geotechnical information. These 10 regions are coincident to wells
named Aliabad, Shokuhie, Gazran, Rahahan, Masjed e Abolfazl, Maaref, Ganjineh, Ali-
abad River, Hajiabad and Einabad. Figure 6 shows the location of each well.

To conduct the required analysis by numerical model using PLAXIS® 3D; v1.6, the
required information was collected. This information included hydrological data of the
piezometric wells and their water table changes in different years, wells profile information
(soil layers at different depths) and parameters needed in the modeling such as coefficient
of elasticity, wet and dry density, cohesion, internal friction angle and Poisson’s ratio of
soil layers in wells. Hydrological data were gathered from Qom Regional Water Authority
reports (Qom Regional Water Authority 2013) and geotechnical parameters of different
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soil layers were selected using literature (American Society for Testing and Materials
1986; Amer and Awad 1974; Hansbo 1960; Tavenas et al. 1983; Mayne and Poulos 1999;
Schmertman 1953; Jafari et al. 2013; Nazari and Arab Nejad 2006; Moghadam Fereydouni
et al. 2011) and local institutes (such as Qom Regional Water Authority 2013). Further-
more, some supplementary tests were conducted in the study area.

In order to start the process of modeling, the groundwater table changes had been
collected in different wells during years of 2001-2013 monthly and annually as mean.
According to the mentioned issue, the deepest well and the least deep one in the area were
Gazran and Rahahan with the depth of 182 and 66 m, respectively. The highest decline in
water table was measured in Aliabad with 44.32 m and the least one in Masjed e Abolfazl
with 1.22 m. Groundwater decline in other areas was measured between these two
(Table 1). The final values of the mechanical parameters selected for the simulation of the
geological formations are presented in Table 2.

According to this table, the profile of wells in the study area is mostly fine-grained with
gravel and sand in between. In order to validate the land deformations caused by extra
drawdown, the obtained land subsidence results using InSAR (from the ASAR; Envisat
satellite) in the studied areas (Qom Regional Water Company 2011b) related to the same
years (2001-2013) were also used.

To predict the subsidence of land, after assigning input parameters for each layer in
every area and well, soil strata geometry in each area was modeled individually and 2000
meshes were established for each stratum based on the width of the area. In this model, all
the analyses were performed in plane strain conditions. Then, based on model, the process
of groundwater depletion and subsidence occurrence in each area was studied.

3 Results and discussion

Figure 5 shows the model results around the studied profiles/wells. In Fig. 5, different
colors show soil layers in each region and the red arrows in each of the mesh layers
represent the amount of displacement which has been taken place in each layer of the soil.
The calculated subsidence around the studied profiles/wells by modeling is show in
Table 3.

According to the study, the biggest subsidence has been occurred in fine-grained strata
of wells and the subsidence in the western parts of the plain was significant. In some areas,
the subsidence has been occurred only down to the intermediate strata. Because of coarse
granularity of lower strata or lack of groundwater depletion, no significant subsidence has
been experienced in the lower/bottom strata (e.g., Lower layers in Aliabad or Aliabad
River); however in some regions, subsidence has been occurred till the lowest strata (e.g.,
Gazran), which is related to the significant decline of groundwater table in whole strata
(Fig. 5).

As mentioned before, in this study, the obtained land subsidence results using InSAR
(from the ASAR; Envisat satellite) in the study areas related to the same years, i.e.,
2001-2013 (Qom Regional Water Company 2011b) were also used to investigate verifi-
cation of the model results. Accordingly, as can be seen in Fig. 6, the subsidence in the
plain of Aliabad was 0-80 since 2001-2013. Comparison of the results obtained by the
model with those obtained by InSAR (Qom Regional Water Company 2011b) reveals good
correspondence (Fig. 6). Differences between results of the model and InSAR are provided
in Fig. 7. According to Fig. 7, large differences in some areas like Aliabad and Einabad are
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Table 2 The specifications of soil layers in the study area

Region Layer  Soil type  Depth (m)  Parameters
E Vsat Vary ¢ c 9
Hajiabad 1 S,C 0-9 38 173 14.3 26 23 0.3
2 S 9-17 32 18 17 32 32 0.3
3 G 17-30 48 21 19 30 02 0.3
4 C 30-39 8 17 14 26 88 0.2
5 CS 39-45 45 18 16 2276 0.3
6 CS 45-48 68 18 16 26 90 0.2
7 PC 48-55 120 1895 16 22 120 0.25
8 S, C 55-64 67 173 14 25 7 0.3
9 S 64-87 65 19 18 32 22 0.3
10 C 87-100 25 17 14 20 120 0.2
Aliabad river 1 C, S 0-12 26 203 17.5 30 60 0.25
2 C S 12-21 20 207 14 20 120 0.35
3 CS 21-30 32 188 16.07 30 70 0.27
4 CS 30-38 48 177 14.5 30 25 0.2
5 CG 38-56 45 225 17.4 36 5 0.3
6 CG 56-75 56 232 19.5 25 70 0.2
7 C 75-80 8 2366 18.1 27 02 0.22
8 C S 80-91 25 207 15.8 29 10 0.3
9 CG 91-130 48 208 14.7 20 0.2 0.3
Ganjine 1 CS 0-12 40 173 14.2 25 7 0.3
2 G, S, C 12-24 48 1896 17 35 6 0.15
3 PC 24-45 25 18.02 157 30 125 0.25
4 PG 45-60 9% 218 19.2 36 02 0.2
5 CS 60-63 26 199 17.7 34 75 0.3
6 G, S, C 63-69 48  20.02 185 22 02 0.2
7 G 69-75 90 2154 19 30 02 0.15
8 G, S 75-81 40 204 18.3 21 1 0.2
9 GC 81-89 50 2327 19.5 2205 0.2
Maaref 1 G S, C 0-24 42 22.68 19 30 02 0.3
2 GC 24-30 45 2364 19 35 2 0.3
3 G S, C 30-34 25 20.67 17 20 30 0.35
4 CS 34-45 27 224 18 25 100 0.35
5 G S, C 45-51 120 2354 195 25 02 0.27
6 SC 51-58 23 19.8 17 22 40 0.35
7 G S, C 58-69 48 22 20 25 02 0.25
8 G S, C 69-73 37 222 18.5 27 02 0.2
9 C S 73-84 50 227 18.5 23 2 0.25
Masjed e Aolfazl 1 G S, C 0-12 48 19 18 35 02 0.3
2 CS 12-15 70 17 14 25 7 0.3
3 G 15-27 120  20.6 18.7 20 1 0.2
4 C G 27-30 150  21.05 19 35 02 0.35
5 G S, C 3046 148  19.8 18 32 02 0.3
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Table 2 continued
Region Layer  Soil type  Depth (m)  Parameters
E Vsat Yary ¢ c 9
6 C G 46-50 78 22 19 35 5 0.3
7 G, S 50-53 120 19.8 17.7 35 02 0.35
8 G, S, C 53-71 117 21.1 18.3 32 02 0.35
Aliabad 1 PC 0-17 2 173 14.7 20 30 0.15
2 C S 17-24 25 212 17.5 22 10 0.2
3 C 24-30 2 173 14.5 22 40 0.2
4 C S 30-78 30 21 16-18 20 15 0.2
5 C S 78-120 20 203 16-18 23 50 0.35
6 S,C 120-138 50 209 17.3 24 30 0.3
7 C S 138-166 25 21 16.9 24 33 0.3
8 G, S, C 166-182 48 217 17.5 30 30 0.35
Shokuhie 1 C, S 0-12 27 17.02 155 30 50 0.3
2 PC 12-21 2 168 14 20 25 0.43
3 C, S 21-24 26 199 17.5 30 50 0.3
4 S, C 24-35 27 20.68 17-18 27 15 0.35
5 G, S, C 35-39 48 21 19 30 15 0.2
6 G, S, C 39-51 48 19.8 18 30 25 0.25
7 PG 51-60 65 213 19 30 02 0.25
8 S 60-72 60 203 17 35 10 0.3
9 G S, C 72-74 120 21 18.5 30 1 0.3
10 G, C 74-102 40 202 17.9 32 02 0.32
Gazran 1 G, S, C 0-39 120 21 19.3 25 02 0.2
2 S, C 39-49 32 197 16 23 76 0.3
3 S, C 49-54 48 203 18.7 32 02 0.35
4 G, SC 54-69 48 19.9 17 35 02 0.15
5 C S 69-84 25 18.3 16-17 23 7 0.3
6 C S 84-93 26 17 16 25 32 0.2
7 G S, C 93-114 28 21 19 30 02 0.3
8 C S 114-126 26 19.8 17 27 75 0.3
9 S, C 126-143 45 19 17 30 35 0.3
Rahahan 1 C,M 0-11 20 216 19 30 100 0.25
2 C,M 11-14 8 198 17 27 10 0.3
3 G M,C 14-25 40 207 18.5 32 02 0.15
4 G, M 25-30 43 213 18-19 38 022 1
5 G 30-33 50 218 1820 32 0.2 1
6 G 33-36 9% 223 1820 35 0.2 0.2
7 G 36-63 47 22 19.2 30 02 0.2
8 PC 63-66 2 205 17 20 107 0.35
Einabad 1 C S 0-6 28 202 17 28 75 0.2
2 M, S 6-27 24 19.6 17 27 100 0.3
3 G S, C 27-45 27 223 18 32 02 0.3
4 MC 45-51 8 183 16.5 23 75 0.2
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Table 2 continued

Region Layer  Soil type  Depth (m)  Parameters
E "/sal Vdry ¢ c 19
5 S,C 51-57 25 19.8 16-18 24 100 0.32
6 C S 57-63 26 189 16.2 24 80 0.2
7 S,C 63-72 26 192 16.6 25 84 0.2
8 S 72-77 81 203 18 32 32 0.3

S'sand, C clay, G gravel, CS clayey sand, PC pure clay, CG clayey gravel, PG pure gravel, GC gravelly clay,
SC sandy clay, M mud, E elasticity modulus; N/mm?, y,, saturation unit weight; kN/m>, Yary dry unit weight;
KN/m?, ¢ internal friction angle; °, ¢ soil cohesion; kN/m?, 9 Poisson coefficient

attributed to modeling hypotheses and lack of accuracy in evaluation of soil parameters has
been applied to the model.

It is obvious that the groundwater level decline has caused a reduction in pore pressure
in the aquifer system, which is the reason of the great land subsidence. The obtained results
by the modeling in the study area show that the observed deformations are related to the
overexploitation of the confined aquifer, contributed to the identification of the main
triggering factor of subsidence. The results show that excessive pumping of the wells due
to the water table drawdown is the main reason of land subsidence. The secondary reason
of the occurrence of this phenomenon is attributed to drainage and depletion of aquifer,
especially in the agricultural lands of Aliabad plain. Other effective factors on the amount
and rate of land subsidence are fine-grain material composition of aquifers and ground-
water level location, rate of groundwater extraction, wells location and the dimensions of
the fine layer. The soil layers comprising the aquifer system play a major role in the
amount of compaction. The geological investigations in the study area show that fine sand,
clay layers and sandy silty clay at different depths of aquifer may displace with ground-
water flow. Therefore, the geotechnical properties of the geological formations are the
main factors of land subsidence phenomenon.

In this area, the most important factor which controls the timing of land subsidence is
presence of the thick fine-grained layers in many wells and profiles. Furthermore, thick
aquitards which separate the shallow unconfined and the deep confined aquifer systems in
most places can also generate a residual compaction which in its own turn leads to a
delayed subsidence in this area.

Using the elastic-perfectly plastic model based on the Mohr—Coulomb failure criterion
to evaluate the available geotechnical data can be considered appropriate for the direct
simulation of the land subsidence. Due to the lack of accurate records of historical dis-
placement, most of the land subsidences cannot be back calculated, and as a result, the
implementation of a verified simulation procedure cannot be established. In such cases, the
Mohr—Coulomb soil model (a simple model with low requirements on mechanical
parameters) in the numerical platform, e.g., PLAXIS, provides appropriate and valuable
results. This validated numerical modeling and simulation procedure provide quite useful
tool for scientific communities, decision makers and local administrator. The results
obtained from this study show that the vertical displacements increase in accordance with
the ground water level drop. Based on the results, overexploitation of ground water in
Aliabad plane decreases groundwater levels, and consequently, land subsidence creates a
great concern which needs careful investigation.
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Fig. 5 Subsidence of soil layers around the studied wells according to numerical modeling; a Hajiabad,
b Einabad, ¢ Aliabad River, d Ganjine, e Aliabad, f Gazran, g Maaref, h Rahahan, i Masjed e Abolfazl,

j Shokuhie. Figures and arrows in any profile are non-scale. Each color in each profile represents a layer.

The depth, soil type, thickness and geotechnical parameters of each profile are shown in Table 2
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Fig. 5 continued
4 Conclusions

In this paper, by modeling in PLAXIS® 3D; v1.6, the amount of subsidence was studied in
the plain of Qom. Ten areas were selected to investigate the subsidence since 2001-2013.
A subsidence about 0-76 cm in different areas was obtained by studying the water
table changes and using the soil geotechnical parameters in the model. Modeling results are
in good agreement with the results obtained from InSAR by other researchers, both
showing an approximately equal subsidence in a period of 12 years. The main reason of
subsidence is groundwater table and hydraulic pressure decline due to excessive
exploitation. The soil layers comprising the aquifer system and the geology and
geotechnical properties of the geologic units also play a major role in the occurrence of
land subsidence phenomenon. Since overexploitation of groundwater resources may have
harmful effects including socioeconomic consequences, careful supervision for the proper
use of these resources is required. In order to penetrate into the relation between surface
displacement and the lowering of the ground water level, hydrological data including well
locations, exploitation rates and litho-stratigraphic maps of subsurface sequence should be
invoked. Acquiring such information and continued supervision using InSAR will clarify
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Fig. 6 Comparison of obtained results of the modeling and InSAR time series (Qom Regional Water
Company 2011b) in the study area
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Fig. 7 The difference between the results of the model and satellite images

more details of the hydrology of the areas of subsidence and the geomechanical parameters
of the underlying aquifer structure.

Acknowledgements Authors are willing to thank Qom Regional Water Company for provision of useful
information.

References

Abbasi Nejad A, Shahi Dasht A (2013) Sirjan plain vulnerability scanning due to indiscriminate harvesting
of the aquifer. In: Proceedings of the geography and urban planning conference (in Persian)

@ Springer



Natural Hazards (2018) 93:1085-1103 1101

Abidin HZ, Djaja R, Darmawan D, Hadi S, Akbar A, Rajiyowiryono H, Sudibyo Y, Meilano I, Kasuma MA,
Kahar J, Subarya C (2001) Land subsidence of Jakarta (Indonesia) and its geodetic monitoring system.
Nat Hazards 23(2):365-387

Adiyaman IB (2012) Land subsidence and earth fissure due to groundwater pumping. Ph.D. dissertation in
Civil Engineering, University of Arizona

Agha Babaie H, Arab Bafrani A, Nazari A (2010) Study of subsidence in Saveh and its impact on the cover
of wells using the radiometric techniques, Geological Survey of Iran. In: Proceeding of 29th meeting of
Earth sciences of Iran (in Persian)

Altinbilek (2006) Estimation of consolidation settlements caused by groundwater drainage at ULUS-
KECIOREN subway project. M.Sc. thesis in Geological Engineering, Middle East Technical
University, p 189

Amer AM, Awad AA (1974) Permeability of cohesionless soils. J Geotech Eng Div ASCE
100(12):1309-1316

American Society for Testing and Materials (1986) ASTM book of standards, Sec. 4, vol, 04.08,
Philadelphia

Amigh Pay M, Arabi S, Talebi A (2010) Study on Yazd plain subsidence using InSAR and its precise
leveling. Geosci Sci Q J 77:157-164 (in Persian)

Ammar A, Khalid B (1997) Causes of land subsidence in the Kingdom of Saudi Arabia. Nat Hazards
16(1):57-63

Biot MA (1941) General theory of three-dimensional consolidation. J Appl Phys 12:155-164

Brinkgreve RBJ, Broere W (2006) PLAXIS 3D foundation-manual-versional. Balkema Publishers,
Amsterdam

Brown S, Nicholls RJ (2015) Subsidence and human influences in mega deltas: the case of the Ganges—
Brahmaputra—Meghna. Sci Total Environ J 527-528:362-374

Budihardjo MA, Chegenizadeh A, Nikraz H (2014) Land subsidence: the presence of well and clay layer in
aquifer. Aust J Basic Appl Sci 8(6):217-224

Calderhead AI, Therrien R, Rivera A, Martel R, Garfias J (2011) Simulating pumping induced regional land
subsidence with the use of InSAR and field data in the Toluca Valley Mexico. Adv Water Resour
34:83-97

Cao G, Han D, Moser J (2013) Groundwater exploitation management under land subsidence constraint
empirical evidence from the Hangzhou-Jiaxing-Huzhou plain, China. Environ Manag 51:1109-1125

Chaussard E, Amelung F, Abidin H, Hong SH (2013) Sinking cities in Indonesia: ALOS PALSAR detects
rapid subsidence due to groundwater and gas extraction. Remote Sens Environ 128:150-161

Cui ZD, Yang JQ, Li Yuan (2015) Land subsidence caused by the interaction of high-rise buildings in soft
soil areas. Nat Hazards 79:1199-1217

Darvishzadeh A (1991) Geology of Iran. Neda Publication, Tehran (in Persian)

Fereydouni D, Shirzadipour K, Abbasi M (2006) Failure analysis of the structure of the West and South
West of Qom. Institute of Seismology of Iran (in Persian)

Gabrysch RK (1984) Ground-water withdrawals and land-surface subsidence in the Houston-Galveston
region, Texas, 1906-80, U.S. Geological Survey, Report 287

Galloway DL, Jones DR, Ingebritsen SE (1999) Land subsidence in United States. US Geological Survey
Circular 1182

Geological Survey of Iran (2002) Geological Map of Qom 1:1,000,000 (in Persian)

Gumilar I, Abidin HZ, Hutasoit LM, Hakim D, Sidiq T, Andeas H (2015) Land subsidence in Bandung
Basin and its possible caused factors. Proc Earth Planet Sci J 12:47-62

Hansbo S (1960) Consolidation of clay with special reference to influence of vertical sand drains. In:
Swedish Geotechnical Institute, proceedings, vol 18, pp 41-61

Hsieh PA (1996) Deformation-induced changes in hydraulic head during ground-water withdrawal. Ground
Water 34(6):1082-1089

Hu RL, Yue ZQ, Wang LC, Wang SJ (2004) Review on current status and challenging issues of land
subsidence in China. Eng Geol 76:65-77

Jafari F, Javadi S, Karimi NA (2013) The forecast utilization rate of subsidence caused by underground
water resources using satellite radar interferometry hybrid modeling techniques, case study Qom plain
Aliabad. Proceedings, Department of Groundwater studies in Qom province (in Persian)

Khan AS, Khan SD, Kakar DM (2013) Land subsidence and declining water resources in Quetta Valley,
Pakistan. Environ Earth Sci 70:2719-2727

Lashgaripour GHR, Ghafori M, Rostami Barani HR (2008) Investigate the causes of the cracks and sub-
sidence of land in West Plains Kashmar. In: Proceedings of the geological survey bulletins (in Persian)

@ Springer



1102 Natural Hazards (2018) 93:1085-1103

Lashkaripour G, Ghafouri M, Salehi R (2010) Land subsidence of southern Mahyar plain and effects of
induced fissures on residential, industrial and agricultural. In: Fifth national conference of geology and
the environment. Islamic Azad University of Eslamshahr (in Persian)

Lofgren BE (1969) Field measurement of aquifer system Compaction. Sanjoaquin Balley, California, USA.
In: Proceeding of the Tokyo symposium on land subsidence, IASH-UNESCO, pp 272-284

Mahmoudpour M, Mashalah Khamehchiyan M, Nikudel MR, Ghassemi MR (2016) Numerical simulation
and prediction of regional land subsidence caused by groundwater exploitation in the southwest plain
of Tehran, Iran. Eng Geol 201:6-28

Mayne PW, Poulos HG (1999) approximate displacement influence factors for elastic shallow foundation.
J Geotech Geo-environ Eng ASCE 125:453—460

Moghadam Fereydouni R, Alimadadi M, Mohammadi A (2011) Check subsidence in the plain of Aliabad
Qom. In: Proceedings of the 13th meeting of Earth sciences (in Persian)

Motagh M, Djamour Y, Walter TR, Wetzel HU, Zschau J, Arabi S (2007) Land subsidence in Mashhad
Valley, northeast Iran: results from InSAR, levelling and GPS. Geophys J Int 168(2):518-526

Motagh M, Shamshiri R, Haghshenas Haghighi M, Wetzel HU, Akbari B, Nahavandchi H, Roessner S,
Arabi S (2017) Quantifying groundwater exploitation induced subsidence in the Rafsanjan plain,
southeastern Iran, using InSAR time-series and in situ measurements. Eng Geol 218:134-151

Nazari A, Arab Nejad Z (2006) Study of ground subsidence in the plain of Aliabad. Ministry of Energy,
Water Resources Management in Iran (in Persian)

Pascheco Martinez J, Hernandez Marin MJ, Burbey Th, Gonzalez N, Angel J, Eduardo ZM, Solis Pinto A
(2013) Land subsidence and ground failure associated to groundwater exploitation in the Aguas-
calientes Valley, Mexico. In: Proceedings of the engineering geology, vol 164, pp 172-186

Phien-wej N, Giao PH, Nutulaya P (2006) Land subsidence in Bangkok, Thailand. Eng Geol 82:187-201

Plaxis (1998) PLAXIS Bulletin, 5. www.plaxis.nl/files/files/05%20PLAXIS%20Bulletin%20(S).pdf.
Accessed 21 Dec 2013

Qom Regional Water Company (2011a) Report justification for extending the ban on the plain of Aliabad
Qom (in Persian)

Qom Regional Water Company (2011b) Forecasting of Subsidence due to groundwater over exploitation
using MODFLOW and interferometry technique in Radar imagery (Aliabad plain, Qom)

Qom Regional Water Company (2013) Report of unit hydrograph of the Qom plain, Groundwater Group
Studies of Water Company of Qom (in Persian)

Radouane N, Boukelloul M, Fredj M (2015) Stability analysis of underground mining and their application
on the Mine Chaabte El Hamra, Algeria. Proc Earth Planet Sci 15:237-243

Rahmanian D (1986) Establishing land subsidence due to groundwater discharge gap in Kerman. In:
Proceedings of the Journal of Iran water (in Persian)

Rajabi AM, Ghorbani E (2016) Land subsidence due to groundwater withdrawal in Arak plain, Markazi
province, Iran. Arab J Geosci 9:738

Sasaoka T, Takamoto H, Shimada H, Oya J, Hamanaka A, Matsui K (2015) Surface subsidence due to
underground mining operation under weak geological condition in Indonesia. J Rock Mech Geotech
Eng 7:337-344

Schmertman JH (1953) Undisturbed consolidation behavior of clay. Trans ASCE 120:1201

Scott RF (1979) Subsidence evaluation and prediction of subsidence. In: Saxama SK (ed) Proceeding of the
conference ASCE, Gainsville, pp 1-25

Sedighi M, Nankali HR, Arabi S, Tavakoli F (2010) Check subsidence in the plains of Salmas using
interferometry (InSAR) and geodetic observations, scientific publication promoting engineering and
geospatial mapping, vol 4, pp 25-33 (in Persian)

Sneed M, Ikehara ME, Stork SV, Amelung F, Galloway DL (2003) Detection and measurement of land
subsidence using interferometric synthetic aperture radar and global positioning system, San Bernar-
dino County, Mojave Desert, California. U.S. Geological Survey, Water-Resources Investigations,
Report 03-4015

Strozzi T, Caduff R, Wegmuller U, Raetzo H, Hauser M (2014) Widespread surface subsidence induced in
Alpine hard rocks by the construction of the 57 kilometers-long Gotthard Base Tunnel (Switzerland)
observed with satellite SAR interferometry. Proc Technol J 16:69-73

Tavenas F, Jean P, Leblond FTP, Leroueil S (1983) The permeability on natural soft clays, Part 2: per-
meability characteristics. Can Geotech J 20(4):545-660

Teatini P, Tosi L, Strozzi T, Carbognin L, Cecconi G, Rosselli R, Libardo S (2012) Resolving land
subsidence within the Venice lagoon by persistent scatterer SAR interferometry. Phys Chem Earth
40-41:72-79. https://doi.org/10.1016/j.pce.2010.01.002

Terzaghi K (1925) Principles of soil mechanics: IV. Settlement and consolidation of clay. Erdbaumme-
chanic 95(3):874-878

@ Springer


http://www.plaxis.nl/files/files/05%20PLAXIS%20Bulletin%20(S).pdf
https://doi.org/10.1016/j.pce.2010.01.002

Natural Hazards (2018) 93:1085-1103 1103

Tomas R, Domenech C, Mira A, Cuenca A, Delgado J (2007) Preconsolidation stress in the Vega Baja and
Media areas of the River Segura (SE Spain): causes and relationship with piezometric level changes.
Eng Geol 91:135-151

Xu YS, Shen ShL, Cai ZY, Zhou GY (2007) The state of land subsidence and prediction approaches due to
groundwater withdrawal in China. Nat Hazards 45(1):123-135

Yan Y, Doin MP, Lopez-Quiroz P, Tupin F, Fruneau B, Pinel V, Trouve E (2012) Mexico City subsidence
measured by InSAR time series: joint analysis using PS and SBAS approaches. IEEE J Sel Top Appl
Earth Obs Remote Sens 5(4):1312-1326

Yi L, Zhang F, Xu H, Chen S, Wang W, Yu Q (2011) Land subsidence in Tianjin, China. J Environ Earth
Sci 62:1151-1161

Zare Mehrjerdi A (2011) Review land subsidence and fractures in Rastagh district south of Meibod. J Geogr
Environ Plann 43:155-166 (in Persian)

Zhou GY, Esaki TJ (2003) GIS based spatial and temporal prediction system development for regional land
subsidence hazard mitigation. Environ Geol 44:665-678

Zhou XL, Huang KY, Wang JH (2017) Numerical simulation of groundwater flow and land deformation due
to groundwater pumping in cross-anisotropic layered aquifer system. J] Hydro-Environ Res 14:19-33

@ Springer



	A numerical study on land subsidence due to extensive overexploitation of groundwater in Aliabad plain, Qom-Iran
	Abstract
	Introduction
	Previous study
	The study area
	Data and method

	Results and discussion
	Conclusions
	Acknowledgements
	References




