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Experimental study on the vertical defor mation of sand caused by cyclic

withdrawal and recharging of groundwater

Yugi Li® Zaile HJ, Tianquan WeryJoana FonseBaXiaodi Zhan§
& Department of Civil Engineering, Shanghai University, Shanghai 2@ ha

® Department of Civil Engineering, City University London, Londd®1& OHB, UK

ABSTRACT: Fast urban growth and an ever-increasing frequency of exineather-related events demand a
better understanding of land subsidence and the potential measurestrtd itohis paper presents an
experimental investigation on the deformation behaviour of sand goidgrcyclic withdrawal and recharging
of groundwater. A sand-box model with dimensions 1000 nG@0<mm x 892 mm was used to investigate soil
deformation following lowering and rising of the water table. The seed was Pingtan sand (Fujian, China) a
quartzitic formation composed of elongated to slightly spherical grainee™and samples with different initial
densities, i.e. loose, medium dense and dense, were tested on repeated loyolestical deformation of the
sand was measured and the corresponding strain and effective stresaladeted. The observations show
that initially the sand behaves as an elastic material with the subsidersssl day water withdrawal being
recovered as the soil rebounds during recharging. With furthdrdrsitval-recharging cyclesubsidence
becomes larger as plastic deformations as well as time-dependent deformatiom dheusoil. The distinct
patterns of deformation were identified to be dependent on both the indiedityl and the number of
withdrawal- recharging cycle the sand has been subjected to.ifférerd behaviour of the medium dense
sample compared to the loose and dense samples, in particular fosthedircycles, indicates that the soil
response cannot be explained in respect of the initial void ratio alone &met faicrostructure considerations
were discussed. It is suggested that the orientation of the grains refolimtpe sample preparation technique
and the consequent induced anisotropy can be used to explain the lremitispresented. Finally this paper
provides the rationale for a micromechanical interpretation of soil deformatien sibjectd to changes in
stress due to rising or lowering of the water table, which will help in esiéldi measures to control land

subsidence, in particular to assess the efficiency of water rechargingifglliswbsidence by withdrawal.
KEYWORDS: subsidence; resilience; withdrawing water test; recharging water test

1 INTRODUCTION

Since the late 19th century, the intensification of human activities has ladsaries of man-made
disturbances with the potential to cause ground-engineering probdEmissubsidence is an example. Land
subsidence is the lowering or collapsing of the ground surfaceddwy natural phenomena as heavy rain or
anthropogenic activities including the exploitation of groundwatemraijas resources or any other changes in
drainage pattern caused by the excavation of the underground. Acsigihifumber of cities and regions around
the world have experienced subsidence to a certain extent (Zheng 808)., Rarly cases of land subsidence
were observed in Venice (ltaly) and Mexico (Marsal and Sainz, 1956) wwkaquent observations were

reported in various other cities and countries across the world, dapam (Sato et al., 2003), China (Shi and



Bao, 1984), USA (Allen and Mayuga, 1969), Europe (Teatini e2@D5) and Southeast Asia (Phien-wej et al.,
2006) Furthermore, Ortiz and Orteg@Q10 have reported subsidence values as high as over, Kvatue
measured in 2006 in the Chalco Plain near Mexico City. In Chingaiticular, land subsidence has been
mainly reported in the Yangtze River delta, therth China plain and the Fen-Wei basin as a consequence of
the groundwater or underground space exploitation in these areas @Wifistand and resources of the
People’s Republic of China andMinistry of water resources of the People’s Republic of China, 2012).

Land subsidence causes flooding in rural low-lying areas andateainvasion in coastal citigghich has
a direct effect on the agricultural production, disrupts activities ofotre facilities and also causes uneven
subsidence of foundations and damage of buildings and othastmifrtures (Pan and Li, 201For all the
above reasons, ground vertical deformation (subsidence and rélhasndecome a topic of interest in the field
of geotechnical engineering practice and resedotvious studies have investigated the relationship between
deformation and the change of groundwater level based on the deforladi@cteristics of the soil layers
from observation data of ground subsidence and water level (Ye €1G8;,Zhang et al., 2006, 2012; Shi et al.,
2008; Wang et al., 2009; Wu et al., 2010; Miao et al., 2011; Lv et dl1)2Mh addition, various models were
used to simulate land subsidence caused by groundwater pungmgyviscous-elastic-plastic models
consolidation-seepage-creep coupling models and flow and sabsidoupling model&or example, based on
Biot's consolidation theory, Luo and Zeng (2011) established aeléstim plasticity finite element model with
seepage and soil skeleton deformation coupling, and simulated grolbsidence caused by underground water
exploitation in Cangzhou, Chin@he recent developments in imaging and radar technology have allogved th
use of Interferometric Synthetic Aperture Radar technology to studyslamaidence. Examples of application
of this technology include Orihweetity in Spain (Tomas et al., 2010), Yunlin County of central Tai{#famg
& Hu, 2012) and the central region of Mexico (Chaussard et al., 28&dhning electron microscopy images of
the pore structure of soil before and after centrifuge model testegbgyof high-rise buildings were used for
the study of land subsidence and the change of the macrostruaturécaostructure characteristics of soil (Cui
and Jia, 2013). Aviles and Pérez-Rock@l() presented an empirical method to evaluate the effects of regional
subsidence caused by groundwater extraction during seismic eveviexico City. Land subsidence due to
groundwater extraction can give rise to secondary disasters suchhaissare and ground failg, as reported
in previous studies (Budhu, 2011; Pacheco-Martinez et al., 2013).

The viscous behaviour of clay has been a subject of numerous sfiidiesr and Sathialingam, 1992
Fodil et al., 1997Yin and Zhu, 1999; Yin et al2002 Karim et al., §10). While the viscous behaviour of sand
has been overlooked mainly because it is usually regarded as a narsvizaterial. A few significant studies
on the creep behaviour of sand related to land subsidence oftsatadare referenced herein. Lade et al. (1997)
have carried out a series of experiments to investigate the effect of strain dateeap on the onset of
instability, the yield surface movement under drained conditions anglotte water pressure development under
undrained conditions. An elastic viscoplastic model for sand to accounhdependent behaviour and strain
rate effects has been proposed by Boukpeti et al. (2004). Zhang €d@8) @éhalyzed the influence of the
lowering and rising of the water table in the sand deformationdemdified three distinct modes of behaviour:
elastic behaviour in the periods of groundwater table ascending or being sfieathyplastic behaviour when
the groundwater tablesas higher than the lowest recorded value and visco-elasto-plastic hehedien the

groundwater tablevas lower than the lowest recorded value.



Large parts of the studies mentioned above rely on observatiomdaider to establish land subsidence
models by analyzing the deformation characteristics of soil anddabsidence behaviour. Land subsidence
surveys can, however, be extremely costly both in termsnef ind money required, hence a laboratory-scale
model test presents a more convenient method to study soil subsident® groundwater extraction. Ineth
present study, a laboratory test model was designed, and sand subamkmebound by cyclic withdrawing
and recharging of waterag investigated. Three samples of sand with different densities, i.e. lnesim
dense and dense were tested. The vertical deformation was recorded durgmgéted lowering and rising of

the water table and the effective stress and strain were calculated for theset diféfeyen

2 EXPERIMENTAL SET-UP AND MATERIAL

2.1 Laboratory model

The experimental device comprises a model box conndoteal series of pipes and the measurement
equipment. The size of the basas 1000mm x 600 mm x 892 mm (length x width x height)The front and back
sides of the box were made of glass to enable obsmsaif the experimental phenomena and measurement of the
vertical deformation of the soil. The lateral and botgideswere made of steel plates. The lateral and front siew
of model box and the pipes are shown in Fidurkn the inlet and outlet of the box, an 80 mm thicknesbleob
buffer layerwas set in order to prevent soil disturbance caused by theflwater. The inlet pipe (number 10 in
Fig 1) was connected to the water pump and watemasdDdrainage was allowed by opening valves 1to 5 and 8
and closing valves 6 and 7. For the water rechargees 1 to 4, 6 and 7 were opened and valves 5 amgl &

closed.
2.2 Sand description and sample preparation

The sand used in the experimemds the standard Pingtan sand from Fujian, China. Pingtanisaad
natural quartzitic sand (approximat&g% Si0O,). Particle size distribution and the correspondent characteristic
parameters, i.also, C, andC, are shown in Tables 1 and 2, respectivélye range size of particles in this sand
is relatively narrow, with most of the grains sized between 0.250mih0.650 mm. The physical indexes of
the sand are shown in Table 3. The grain morphology compriseigtarenof elongated grains and more
spherical grains, rounded to sub-rounded. Three sand speciitied#farent densities and termed as loose sand,
medium dense sand and dense sand hereafter, were obisimgthe sample preparation techniques described in
Table 4. The loose sand sample was obtained by driaplrvwith the sand poured from a very small distance to
the sample surface. For the medium and dense sand, digtipluwith a height drop of 400 mm was used. In
addition, in the case of the dense sand, the soil was tanifred hammer of 2.5 kg weight at the sample heights
of 250 mm, 500 mm and @0dnm, respectively. The final densities attained are presentédble 4 Given the
different sample preparation techniques used, a differgerostructure for each of the three samples is also
expected in addition to the different initial densitiess thill be discussed later in the paper. Given the large
volume of sand required for each experiment, the samevgasidised for the three tests and at the end of each

experiment the dumped sand was dried in the sun andde-use
2.3 Experimental procedure

(a) Saturation process



Following the sample preparation as described above awittal height of 700 mm, the samples left for
12 h in order for the internal forces within the sand to conte balance. The water was pumped into the box
slowly to allow entrapped air to be eliminated. Aftiee soilwas immersed in the water,tas left for 24 h in

orderto saturate completely
(b) Withdrawing test

In the withdrawing process, the lowering of the soil surface and learwasmeasured using a ruler
fixed to the glass panel. The accuracy in the readings was guaranteedibp@cigital images with a camera
positioned in a perfect perpendicular plane to the ground surface and tadading from the images was
taken. When the water level dropped to approxim&8@/mm, the withdrawing was stopped and the sample
was left for 24h (including withdrawal time) so that the water level and subsidence @isamradually became

stable.
(c) Recharging test

After the sample subsidence became stable, water was slowly recharged Hiiraptiieinlet and outlet
valves of the soil box (shown in Figure 1). When the water levebligtgly above the soil surface, the
recharging was stopped and the sample was left for 24 h (includimay gawgtime) to stabilize the water level
and subsidence of the soil. The withdrawing and rechargingieergs were carried out for a number of times

by successively repeating steps (b) and (c).

For both the withdrawing and recharging tests, the pre-set rate a250mmh (i.e. 500 mm/2 hwas
occasiondy affected by poor drainage due to sand plugging. This phenentasoslowed down the processes
of lowering the water table to 200 mm height after withdrawing and timg 1aé the water table to 700 mm
height, following recharging. Another experimental drawback relates slighe uneven ground surface

following the change in the water table. The errors associated to these dsatmbelieved to be minor.

3 WATER LEVEL CHANGE AND VERTICAL DEFORMATION OF THE SOIL

Figures 2 to 4 show the variation of water table and vertical deformation tiedssriditions of cyclic
withdrawing and recharging for the loose sand, medium denseasdridknse sand, respectively. For each cycle
the water level is represented by the vertical bars for the withdrawing andgiagh@aking the bottom of the
box/soil as reference). The subsidence values are displayed by a pasticed deformation measured from
the ground surface. The effect of friction on the vertical walls is believied toinimized by the lubrication
effect of the water, not affecting, therefore, the settlement measurefleatsiterpretation of the data obtained
is herein explained for the first cycle of the loose sand (Figure 2)h&aaturated soil, both the water level and
the soil surface are at the height of 689u@. After the first extraction of water, the water level reduces to a
height of 160.0 mm and the soil surface to a height of 688.3 mmhwidicates a total subsidence value of 0.7
mm (the vertical displacement curve moves 0.7 mm downwards). Withigheetharging of water, the height
of the sand returns to the original height (the vertical displacement cunes®avmm upwardshhus, the total
subsidence for the first cycle is 0 mm. The subsidence values qaarsealf cycle, including both withdrawing

and recharging, and the cumulative subsidence values are presented i foalihe three specimens.



The observations from Figures 2 to 4 indicate that lowering the water taiskescsoil subsidence while
raising the water table, can either reduce land subsidence, that is to ssamifle rebounds, or make
subsidence more severe. According to the results, the soil behawing water recharging appears to depend
on both the initial density of the sample and the number of withdnaehkrging cycles the material has been
subjected to. For loose sand and dense sand, the rebound vatoetguirst recharging water is nearly equal
to the settlement value due to the first withdrawal of water; but for the meténse sand, the first recharging

water tends to increase the subsidence value.

This difference in the initial behaviour of the sand can be explained badeel ioitial microstructure (or
fabric) of the sand specimens. The potential of the soil to defornoisrkto be de pendé not only on soil
density but also on the soil fabric (Fonseca e2éil3a, 2013b). Fonseca et al. (2013a) have quantified the
evolution of soil fabric of sands under triaxial loading using, fangxe, the orientation of the major axis of the
grains. For a sand formexf slightly elongated grains as Pingtan sand, dry pluviation (with a isgnifdrop
height) tends to produce samples with grains lying with theirdoages in the horizontal plane, whereas
tamping tends to create more randomly oriented grains (Nemat-NadsEakahashi, 1984). In the present
study, the dry pluviation technique (with a drop height of 400 mm) €& the medium dense sample is likely
to have induced high anisotropy on the sample caused by the haltizoniented elongated grains. For the
loose sample the almost zero drop high did not allow the grains to teshigs falling and more random
distributions are expected. Similarly, for the dense sand, tamping thel#@ilyigo have altered the
depositional orientation of the grains, i.e. the grains rotate slightidar ¢o fill the available spaces as the
material densifies. The deformation of the medium dense sand durraggiey shows that the horizontally
oriented grains make the soil less prone to rebound following rechaiigiisgobservation suggests that more
randomly oriented grain can more easily be displaced by the upwaehraat of the recharging water

(unloading), while the horizontally oriented grains create greater resistancerémgeaand move upwards.

Subsequently, the soil deformation caused by the repeated variation @téngakle would have
contributed to disrupt the initial fabric (and the anisotropy) and the mednuirstarts to rebound and have a
more similar behaviour to the other specimens. Following these internalngaments of the soil structure, the
deformation values measured for the different specimens at each stage berarsinilar (as shown in Table
5). For the second and third withdrawal-recharging cycles, ttedance caused by water withdrawing is large,
while the resilience caused by recharging water is very small, i.e.libiglsnce values increase significantly
for the three specimens. Along with a large unrecoverable residual égifomr{plastic deformation), also
significant creep deformation occurs. The creep deformation of thelesatthis stage is consistent with the
results presented by Zhang et al. (2006).

At the fourth cycle, a new behaviour pattern seems to take place, sulesitiento withdrawing decreases
slightly and the rebound deformation due to recharging water incr&xsep. deformation is also less obvious

at this stage comped with the previous second and third withdrawal-recharging sycle



4 SAND DEFORMATION UNDER WITHDRAWING AND RECHARGING CONDITIONS

The deformation of the sand caused by the lowering and risirtgeofvater table is investigated by
calculating the changa effective stress and strain that the matesiad subjectedo. The variation in effective
stress of the soil is calculated according to the additional stress indudkd bliange in the water level, as
illustrated in Figure 5.

Taking the change of water levas ah, the effective stresacing on the top of sand layé (Figure 5)
before withdrawal (or after recharging)ylsah and the pressumcing on top of sand laye® after withdrawal
(or before recharging) isah. The natural or wet unit weight of the sand is usually approxlynatgal to its
saturated weight

Y = ¥sat = Yw TV’ )
wherey is the natural (or wet) unit weight of sangy is the saturated unit weight of sandis the submerged
unit weightof sand; and, is the unit weight of water. This formulation assumes that the water tablevis abo
the soil surface and the water does not withdraw into the soil.

Therefore,y-ah is approximately equal to/'¢y,)-Ah, the additional stresacing on sand soil under water
tabledue to withdrawal shown in Figure 5 can be expressed as follows:

Ap, =y-Ah—y' -Ah = (y,, +y')-Ah—y'-Ah =y, - Ah (2)
whereanp,is the additional stress due to the change of water table.

The additional stresacing on sand soil under water taliae to recharging can be expressed as follows:

Ap, =y *Ah—y-Ah = y' - Ah— (Yo + V') - AR = —y,, - AR 3)

Since the additional stress acting the sand layefD varies with a triangular distributioim depth, i.e.

from O toAp,, hence its average variation can be obtained by taking half of the oraxraiueAp,, as follows:

Ap, = Ap,/2 4)

whereap;, is the averagaditional stresscing onasand layer between the initial and final water table levels.
Therefore, the variation of effective stress can be obtdigealeraging the additional stress according to
the sand thickness above and below the water table, as follows:
Ap = (Apy - Ah + Ap, - hy)/(Ah + hy)

_ {yw *Ah - (Ah/2 + hy)/(Ah + hy) withdrawal (5)
"l —vw AR (AR/2 + hy)/(AR + h,)  recharging

whereapis the effective stress variati@aeing on the sand due to withdrawal; amds the depth of water table
after withdrawing water.
According to the vertical deformation of the sadifferent periods and its original height, the strain can

be obtained as follows:
e=Al/h (6)
whereAl is the vertical deformation aridis the original height of the sand.

Based on the measurements of the change in the water level after extaactingcharging water, the
effective stress variation was calculated at differentesté®jmilarly, the strain value (compression strén

positive) was obtained according to the deformation of the sample sathe stage$he plots of strain against



the variation of effective stress are presented in Figures 6, B &dthe loose, medium dense and dense
samples, respectivelfFor the first withdrawl-recharging cycle, the strain of the loose sample is larger than that
of the medium dense and dense samples, as exp&beedlifferent compressibility of the three specimens can
be inferred from the compression magki{assuming elastic deformation) values obtained for the loose sand,
medium dense sand and dense sand, which were of 3.21MPaPa &l 6.93MPa, respectively.

The cyclic withdrawing and recharging of watarough the sand contributes to its densification. At the
second and third withdrawal-recharging cycles, it can be seen éhatr#tin increases with extracting of water
and slightly more in recharging water, which indicates that not amgcaverable plastic deformation but also
hysteretic creep deformation have occurred in the .skod the fourth withdraal-recharging cycle and
thereafter, both the elastic and the plastic deformations becomersianadl this could be a consequence of the
densification of the soil together with the development of a more stable.fale strains are also smaller
compared to the previous cycles as can be seen from the stress:strainoduoose and medium dense sands
Judging from the slope of the stress strain curves, as the slopasesboth the compression and resilient

moduli (i.e.Ac/Ag, when recharging) of loose and medium dense sand become larigecafitbe explained

based on the densification of the sand and is less clear for the drdse s

5 STRAIN EVOLUTIONWITH THE WITHDRAWAL-RECHARGING CYCLES

Figure 9 shows the evolution of vertical strain with the withdraeaharging cycles. It can be observed
that the vertical strain increases with the number of cycles. In the saynasvihe results presented in Figure 2
to 4, generally the strains increase with the water withdrawing igtén&lf of the cycle) due to the increase of
the vertical additional stress and decrease with water recharging (the sedfonfithe cycle). The overall
change in strain for a complete cycle depends on the cycle numbeneandtil density and fabric of the
specimen. In the first cycle, the final vertical strain of loose sadddanse sant nearly zero, which means
that thesand behaves as an elastic material. A slightly different trend in the stvalation can be seen for the
medium dense sand, suggestignore viscoelastic behaviour from the first cycle. Subsequently, with th
increase in the number of withdralwecharging cycleghe vertical strain increases faster for all samples as the

vertical deformation caused by withdrawing is not fully recovered aftdrarging of water

6 CONCLUSIONS

Motivated by the lack of studies on land subsidence of sands, this papents an experimental
investigation on the deformation behaviour of a quartzitic sand exposgdlimwithdrawal and recharging of
groundwater. The observations presented here shed new light on soiterfigties that can potentially affect
subsidence and rebound of the matehlidias been shown that during the first withdaavecharging cycle, the
loose and dense samples exhibit elastic behaviour, i.e. the material rebourelsdyeramount as it settles
during withdrawing. A different behaviour is observed for the nmadiense sample and this is attributed to the
initial anisotropy of this sample related to the horizontally oriented geaiasresult of the sample preparation
method. With further withdrawal and recharging, i.e. at the seconth&ddvithdraval-recharging cycles, the

vertical deformation of the soil increases significantly. Irreversible plasticrdafmn and creep deformation



were seen to occur for all samples, in addition, rebound is essentighessgd. Similar behaviour between the
different samples was observed at the third withdtaacharging cycle and thereafter suggesting disruption of
the initial fabric and the adjustment of the initial density due to soil deformatidheAourth cycle the overall
deformation becomes minor as a consequence of lower deformatiothdnawiing and a slight increase in the
rebound. Creep deformation is less obvious than at the secondrdnzyties and the elastic and plastic
deformations are smaller. Hypothesis for the observed behaviour stathésare the densification of the sample
together with the development of a more stable fabric. This study reyestechs of deformation behaviour in
sand prepared at different initial density that cannot be explained in view aftioiilone and further
microstructure considerations were discussed. Future work will focasrioroscale investigation on the effect
of fabric on the withdrawal and recharging of sands. It is clear tingsrstudy that under some circumstances
water recharging can be beneficial to reduce land subsidence. It is therefonesifimportaneto establish

the soil characteristics for which this measure can be used to controlilzsidesnce.
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Table 1 Particle size distribution for the Pingtan sand

Particle Diameternrgm) <0.25 0.25-0.45 0.45-0.65 >0.65

Content (%) 6 5145 4045 3

Table 2 Particle size distribution characteristic parameters

d50 (m m) Cu Cc

0.340 1.542 1.104

Table 3 Physical indexes

pdmax(glcn'?) Pdmin (g/CI’T‘F’) Gs (g/cm°’) Emax €min

1.74 1.43 2.643 0.848 0.519




Table 4 Preparation techniques and physical parameters for each sample

. . . Void Relative Density
Specimen Sample preparation technique . .
ratio density 3
(kg/m”)
Loose sand Dry pluviation with a fall height of nearly 0 mm. 0.775 0.222 1489
Medium L . .
Dry pluviation with a fall height of 400 mm. 0.731 0.356 1527
dense sand
Combination of dry pluviation (400 mm fall height) with tamping using a
Dense sand  hammer of 2.5 kg weight at the sample heights of 250 mm, 500mm and 0.577 0.824 1676
700 mm.
Table 5 Subsidence values due to withdrawal and recharging
Subsidence value per half cycle (mm) Cumulative subsidence value (mm)
Loose Medium dense  Dense sand  Loose Medium Dense
sand sand sand dense sand sand
First withdrawal 0.7 0.4 0.3 0.7 0.4 0.3
First recharging -0.7 0.7 -0.3 0 1.1 0
Second withdrawal 1.3 0.6 0.7 1.3 1.7 0.7
Secondecharging -0.1 0.8 0.5 1.2 2.5 1.2
Third withdrawal 1.1 0.5 1.2 2.3 3.0 2.4
Third recharging 0.2 -0.3 -0.3 2.5 2.7 2.1
Fourthwithdrawal 0.8 0.8 1.1 33 3.5 32
Fourth recharging -0.6 -0.4 0 2.7 3.1 3.2
Fifth withdrawal 0.8 0.5 0.7 3.5 3.6 3.9
Fifth recharging -0.5 -0.5 - 3.0 3.1 -
Sixth withdrawal 1.0 1.0 - 4.0 4.1 -

Note: Negative value means rebound deformation.



(b) Front view and left side views

1,2,3,4 Inlet/Outlet valve 5,6 Inlet valve
7,8 Outlet valve 9 Glass panel
10 Inlet pipe 11 Support frame

Figure 1 Lateral and front views of the model box and pipes
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Figure 3 Variation of water table and vertical deformation for the medium dense sand
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Figure 4 Variation of water table and vertical deformation for the dense sand
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Figure 5 Sketch of the additional stress distribution

Variation of effective stress/kPa

Figure 6 Stress:strain
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Variation of effective stress/kPa
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Figure 7 Stress:strain plot for the medium dense sand

Variation of effective stress/kPa
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Figure 8 Stress:strain plot for the dense sand

—a— Loose sand
—e— Medium dense sand

—a— Dense sand
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Figure 9 Strain evolution with the number of cycles



