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ABSTRACT: The aim of this study is to investigate the effect of clay zones on land subsidence due to
groundwater overexploitation, and also to investigate the effect of clay zones on the recovery percentage
of subsidence from artificial recharge. The finite element model has been used on aquifers with different
placement positions of clay zones. In each aquifer, the water level gradually drops and the subsidence of
the land is calculated, then in a certain period, the water level gradually returns to its primary level and
finally the recovery percentage of the subsidence is evaluated. The results show that a percentage of the
subsidence can be recovered with artificial recharge, and this amount varies depending on the aquifer
materials, the thickness, and the location of the clay zones. Land subsidence in the sand-only aquifer is
less than that of the sandy aquifers with clay zones, and about 90% of the subsidence caused in the sand-
only aquifer can be recovered. The presence of clay zones increases land subsidence. In sandy aquifers
with clay zones, depending on the position and thickness of the clay zones, approximately 19 to 46%
of the created subsidence can be recovered. The time of groundwater level drop is more effective in the
subsidence of sandy aquifers with clay zones, where clay zones are located at shallower depths. In these
types of aquifers, with the increasing time of groundwater level drop, the land subsidence increased, and
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also the recovery percentage of subsidence by artificial recharge decreased by 13% on average.

1- Introduction

Land subsidence (LS) is the downward movement of the
ground surface due to changes in soil stress. There are many
reasons for land subsidence, one of which is the excessive
exploitation of groundwater. In extensive studies, LS has been
evaluated from various perspectives to develop solutions for
mitigating its occurrence and associated challenges. Several
studies such as refs [1-3], have used field and satellite
measurements and monitoring to assess subsidence, while
others have investigated it through numerical modeling, such
as Budihardjo et al., [4] who investigated the effect of the
clay layers, their different placement patterns, the thickness
of clay layers in land subsidence, in which the water level
drop due to water extraction from the pump was considered.
Bodhu et al., [5] investigated the effect of the clay layers in
land subsidence due to water level drop and artificial recharge
only in one case, while clay zones may have different states.
Therefore, in this study, the effect of the clay layers and their
different placement patterns in the subsidence of the land due
to water level drop in different situations was investigated, as
well as the recovery percentage of subsidence due to artificial
recharge and the effect of the duration of the water level drop
on subsidence recovery were evaluated.

*Corresponding author’s email: Lida mottaghi@yahoo.com

2- Methodology

In this research, Plaxis 2D finite element software was
used to model and estimate the land subsidence due to the
drop in the groundwater level. To investigate the aims of this
paper, sandy aquifers with different states of clay zones are
considered. In each aquifer, the water level gradually drops,
and the subsidence of the land is calculated, then in a certain
period, the water level gradually returns to its primary level,
and finally, the recovery percentage of the subsidence is
evaluated. Therefore, different states and scenarios have been
considered for the analysis of the models, in all cases, it was
assumed that the initial water level was 20 m below the ground
surface. The considered states and scenarios were based on
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Fig. 1. The geometry of the model
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Fig. 2. Comparison of the amount of subsidence be-
tween different states.

examining the effect of discontinuous and continuous clay
layers, clay layers at greater depths and clay layers close to
the ground surface, as well as the thickness of the clay layer,
on subsidence rates and artificial recharge.

State 1: Sandy aquifer. State 2: Sandy aquifer with a layer
of clay 10 meters thick at a depth of 45 meters below the
ground surface. State 3: Sandy aquifer with discontinuous
clay layers 10 meters thick at a depth of 45 meters below
the ground surface. State 4: Sandy aquifer with discontinuous
clay layers 10 meters thick at a depth of 25 meters below
the ground surface. State 5: Sandy aquifer with discontinuous
clay layers 30 meters thick at a depth of 25 meters below the
ground surface.

3- Discussion and Results

Figure 2 shows a comparison of the amount of subsidence
in the different states, as well as the effect of the time of water
level drop on subsidence.

According to Figure 2, it can be said:

* Due to the fact that clay soils have high plasticity compared
to sandy soils, therefore, with a drop in the water level,
the LS in aquifers with clay zones is more than the LS of
sandy aquifers.

* LS in aquifers with continuous clay zones is more than in
aquifers with discontinuous clay zones (comparison of the
state 2 and the state 3)

* The closer the clay zones are to the ground surface, the
more effective stress changes. Therefore, when the clay
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Fig. 3. Comparison of subsidence recovery between dif-
ferent states due to artificial recharge.

zones are placed at a lower depth, the subsidence is more
than when the clay zones are placed at a greater depth

(comparison of the 3 and 4 states).

* Due to the fact that clay zones have high plasticity and
compressibility, the more the thickness of the clay layer
increases, the amount of LS increases. (Comparison of the
state 4 and the state 5).

* As the time of water level drops is more, the more time
it takes for drainage, and the LS increases. Time is more
effective in the subsidence of sand aquifers with clay zones
that are located at a lower depth. For example, in state 4,
with the increase in the water level drop time from 5 years
to 100 years, the subsidence has increased from 104.2 mm
to 191.3 mm.

In Figure 3, the amount of subsidence recovery due to
artificial recharge is compared between different states, as
well as the effect of the water level drop time on the amount
of subsidence recovery is evaluated.

According to Figure 3, it can be said:

* In sand aquifers, due to the granular structure of the soil,
consolidation subsidence is less, on the other hand, there
are fewer changes in the porosity of sandy soils compared
to clay soils. Therefore, recovery of subsidence in sandy
soils becomes easier with artificial recharge. In this study,
with artificial recharge in sandy aquifers, almost 90%
of the LS can be recovered, but the clay zones cause the
percentage of subsidence recovery to decrease. In this
study, due to the different positions of the clay zones in
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the aquifers 19 to 46% of the created subsidence can be
recovered.

* As the time of water level drop increases, the subsidence
recovery percentage often decreases or remains almost
constant. In sandy aquifers with clay zones that are located
at a lower depth (states 4 and 5), increasing the time of
water level drop causes an average 13% decrease in
subsidence recovery with artificial recharge. For example,
in state 4, in 5 years and 100 years of water level drop,
38.4% and 22.79% of the LS is recovered, respectively,
that is, with the increase of time from 5 years to 100 years,
the recovery of the LS is reduced by 15.6%.

4- Conclusions

In this study, a sandy aquifer and sandy aquifers with clay
zones are modeled in the Plaxis 2D finite element software.
Land subsidence due to the gradual drop of the water level,
as well as the amount of subsidence recovery due to the
gradual rise of the water level with artificial recharge, are
evaluated. The results show that the subsidence in the sandy
aquifer is less than the sandy aquifers with clay layers. With
artificial recharge, approximately 90% of the subsidence can
be recovered in the sandy aquifer, while the presence of clay
zones increases the subsidence of the ground and also reduces
the percentage of subsidence recovery. In aquifers, as the
clay layers are placed at a greater distance from the ground
surface, the land subsidence is reduced. Also, as the thickness
of the clay layers is greater, the amount of subsidence will
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be greater. Discontinuous clay layers in aquifers cause wavy
subsidence of the ground surface. Also, the results show that
as the time of water level drop increases, land subsidence
increases, and the percentage of subsidence recovery often
decreases or is almost constant.
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Fig. 1. The geometry of the model and the position of the clay zones for validation
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Table 1. Soil parameters [27]

Al iros ) gllas
ale 5]
y Unsaturated specific weight kN/m3 17 15
unsat
Year Saturated specific weight kN/m3 20 18
€o Initial void ratio 0.5 1.1
A Compression index 0.01 0.2
K Recompression index 1.5e-3 0.035
v Poissons ratio 0.3 0.3
M Friction angle of the soil at critical state 1.3 1.2
C Cohesion Kpa 0.1 1
¢’ Friction angle ° 35 25
KO0,x Lateral earth presuure coefficient 0.5 0.57
OCR Overconsolidation ratio 2 1
ky Lateral hydraulic conductivity m/day 2 4.75¢e-3
k, Horizontal hydraulic conductivity m/day 2 4.75e-3
S Residual saturation 0.06203 0.1789
Stz Fully saturated condition 1 1
In Van Genuchten parameter 1.377 1.09
Ja Van Genuchten parameter 1/m 3.83 0.8
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Fig. 4. States of aquifer: a) Sandy aquifer without clay, b) Sandy aquifer with continuous clay layer at a depth of
45 meters, ¢) Sandy aquifer with discontinuous thinner clay layer at a depth of 45 meters, d) Sandy aquifer with

discontinuous thinner clay layer at a depth of 25 meters, e) Sandy aquifer with discontinuous thicker clay layer at
a depth of 25 meters.
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Table 2. Scenarios considered for analysis
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Fully coupled flow- deformation
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Table 3. The results of the analysis in different scenarios for the state 1

J::f (M) iy ijnj’;:ji:“ E’I'n;;’: j ;:’j () ol gl 281 5o S
94.15 21.487 1.333 22.82 5
92.64 21.735 1.725 23.46 10
91.26 22.488 2.152 24.64 20
90.20 24.761 2.689 27.45 50
89.95 26.43 2.95 29.38 100
P> Sl Lo (g )l 53 Julod 5| Jols mlS . Jgu
Table 4. The results of the analysis in different scenarios for the state 2
Ol do s (Mm)caiiisd Gl 5lam o) odile (Bb canis 8l 31 0 ey Cantiig s (Jlo) o o il o S
T (Mm) e gine 435 (mm) T s
19.31 58 242.3 300.3 5
19.51 58.9 242.9 301.8 10
19.67 59.9 244.5 304.4 20
19.13 60 253.6 313.6 50
19.36 62 258.2 320.2 100
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Table 5. The results of the analysis in different scenarios for the state 3

Olyz 2oy EIATC I SO o e oaibe (Bl cons gdaw 8l Pl ae ) Gy b (Ulo) ol glans 2l oy e
Seniiy (mm) () s yiae 35 (mm) 1
46.54 49.66 57.04 106.7 5
45.95 49.68 58.42 108.1 10
45.51 49.47 59.23 108.7 20
45.80 51.71 61.19 112.9 50
43.51 50.69 65.81 116.5 100
o5k Gl Bl gy Uuw 45 Jalod 1 Jols ol .# Jous
Table 6. The results of the analysis in different scenarios for the state 4
Olyz 9oy iy B oyl a 5l ey odile Bl et mhaw GBI SIS ey Gy 8 (Ub) of gl cél ey S
Sy B (mm) (Mm) e gias 4355 (mm) I
38.416 40.03 64.17 104.2 5
35.939 39.39 70.21 109.6 10
36.393 43.09 75.31 118.4 20
27.531 37.69 99.21 136.9 50
22.791 43.6 147.7 191.3 100
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Table 7. The results of the analysis in different scenarios for the state 5

Ol oy g 8 oyl yue A e okile Bl ot S8l S50 ey S y8 (JL.;)%:TCJGMQQQLA)'Q._\J
iy b (mm) (Mm) egan 355 | (mm) o mhaw

31.63 87.6 189.3 276.9 5
30.28 86.4 198.9 285.3 10
29.24 85.8 207.6 293.4 20
26.64 82.9 228.2 311.1 50
20 71.7 286.8 358.5 100
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Fig. 5. Comparison of the amount of subsidence between different states.

O St A2l 05 eej e 4 ) SloaY g e - 25d oS
(@l oo <l 5l am S50 155 Ayl Jise (i3 SABT) g 5 ol dwglie it glacdls (y Cundigd (i 0SS
S5 o 8 S Bes 3 () oY (85 W pdee yidn dog b sl 00d 03 )9l Canaig b 53 Of ans 2l loj U ian
IR Gymdar Bos > o) oY & cunl o ) iy Canitig b WSS g (0 O JSS
cdl Jlo 0+ Jlio olgis 4 oyl g pow <l duglio) 5,5 0 SLSE 4 Cond 2V s JS8 () S Sl gl -
3l e 203 Y pows g piles s Caniinyp ST (ol pdaus o Y b ylgsol 13 coutig b Ol pdaw el b 10 wsyls (ol &l
Gy o515 ol 5 eyl UK Ly slaaY aSy) 4 g by - Al oo ol dwlo basid (o lgsol ity bl i (o)
B Conniin b 398 yid oy 4Y Coslius dx m 10 3 YL b laglgel 5l i dtogy () sloaY b laglsel )5 cuntigd -

GBI S lgon oo g plee b dunlie b g0yl (P b g pg> b dnlio) 13l o oo () slasY

A€



., 100
1
e ——————
] 90 — ) Aule Jad ) il J gl s
(51 olla R

1. 80
I__) b Ay Sal Al 2 - - h
. 70 _— Ve Y = b gl Al ) giala g Dl
2 5 pa FO Bee pudiugu g yie

CHBES L 2 S 5 Ha
. 60
2 50 —- = = Ve A bl Al _"-\Ju'..lai Yo Sl
e — S fu FO B 33 5 1
. a0 -
,?, ~—_—— —_— A L el A A e s
-+ 30 | tteereriennes —~ - 5 via YO (e 3,2 yie Yo
Lo 30 | Tt T e . Spe YO ey 5y
i 20 — e e m— o — — — it Tyl bl dale ) sl caa clla
b 10 S e YO Bas 35 e
X

(T} A o il e e

80

100

S gman dydai 1 > dliseo Gl o Camnigpd oyl pa (lin0 dus o .5 S0

Fig. 6. Comparison of subsidence recovery between different states due to artificial recharge.
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Deformed mesh |u| (scaled up 50.0 times) (Time 7200 day)
Maximum value = 0,3044 m (Element 42 at Node 719)
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Fig. 7. Land subsidence in a sandy aquifer with the continuous clay layer.

Deformed mesh |u| (logarithmically scaled up 100 times) (Time 7200 day)
Maximum value = 0.2934 m (Element 903 at Node 2472)
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Fig. 8. Land subsidence in a sand aquifer with discontinuous clay layer.
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