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Ahstror.t. -----
A hon'!ho 1 e hos he en dri 11 ed in .January 1 qfl4 under the 

responsihi 1 ity of the Belgian Geologir.al SurVf~Y at the Royal 
Observatory of Be J gh1m j n Bn1sse J s. The profi J e drawn up hy the 
Geologir.al Survey shows eight- different layers. Tn this multiple 
aquifer-oquitard system, three layers <H'e oquifer layers a 
water table n(p.IifPr in the Brussels sand, nn intermediate nquifer 
in the tuf of Linr.ent and a deep aquifer in the hedror.k. 

Vnrious kinrls of wnter--levels VoT'iotions orf' registererl 
long term Hnd short term vnr-intions and, in the intermedinte Hnd 
deep wells, periodir. osr.illntions thot ore elm~ to Rorth tidal 
phenomen<"L MoreovPr, the wnter tahle and the pr-essure hends 
r-espond to the atmospheri r. pressure vori ot:i ons. 

\4/e estimote the woter-levels vnriotions perturhing effer.ts 
nn ttH~ superr.onducting gravimeter registrntinns (the borehole nt 
the Ohservntory is m~xt to this grovi meter), i.e. the 1 onrl 
s1wfnr.e displ.1r.ement, the grnvitational, lmrnmetrir. nncl Rnrth 
thlnl effects. The lonrl surfoce rlisplor.ement is stmlien hy the 
cnmhinecl pr-oblem t-hat inr.ludes the hydrnulic prohlem and the 
cnnso]idntioJt prohlem. To estimote the grnvitationnl effer.t in
dur.ed hy the varinble wnternwsses, we enlarge the r.lassicol 
Rot~guer' s formu J fl in lhPor-i es + oki ng into ocr.mmt +he nahwe of 
the lnyers, the expnnsions or compressions of ench layer nnd tl1e 
t otol 1 onr] sur-face cH spl a cement; moreover, f(H' the effect of -t-he 
water table voriations, we pr·opose fl theory in which we consider 
the vnrimJs hydrostatic ncc\lrences nf phoses in porous rnerJja. Tn 
a confined aquifer, wP show that the effed of the C~ttract inn 
variation is ch~pemljng on the fluid compressihility. We nlsn 
generali7.e the Bouguer's theory, valid for a thin loyer, to tlw 
case of n finite thickness lnyer, hy a numerical integrntion. 

We r.onclude thnt the wnter-levels vnrintions in the inter
merliote nnd deep aquifers (nt long term, at shod term ann those 
due to the haro111etr-ic nnd tide-d responses) ore inducing very 
'-'IOFtll incleerl negligihle perhwhing effects nn the snpercnnrlur.ting 
grnvimeter registrations. Moreover the effect- of the long term 
wntPr t-dh1e drift is at the 1imit of thP nr.tuo1 pr-ecision of U1e 
gravimeter regi s1.rnti ons. 



On the other hrmd, for ear.h of the three WP 1 I -aquifer sys
tems, WP sturly the haromP.tri c 1mrl t i fin 1 rP.sponses to esti matP the 
in sit-u pnrnmetP.rs of hnth the nqnifers ann the aquifer syst-.em 
(porosit-y, specific storage, vert-.icnl compressibility and permP.a
hility). The est-.imnterl valoes nre in goorl agreement with those 
derlur.ed by using hydrogeological, soil and rock mechanics con
sirlerations. 

The research we present mninly concerning the ROB station 
r.an he also applied to any other station with any complexity. 

The values of the in sHu parameters estimated from the 
Earth tides ohservations in the wells can he of great interest 
for the stocking of the nuclear and toxic waste products. 
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Notations. Chapter 2 
========== ========= 

coeffi~ient of compressibility 
thickness of an aquifer layer 
thir:kness of an n(ftdtard loyer 
distance to a droinage far:e in an n.quitard layer 
depth of the center of n layer 
uniaxial compaction coeffident 
coefficient of consolidation 
void ratio 
acr:eleration due to grn.vity 
piezometric head 
influence foetor 
Darcy's coefficient (aquifer) 
Darcy's coefficient (aquitard) 
fluid pressure 
pore water pressure in excess of hydrostatic 
radin.l coordinate direction 
drawdown 
time 
reservoir compaction 
radial coordinate direction 
initial, final water table 
expansion constant 
compaction r:onstont. 
compression index 
Young's modulus 
compressibilH.y modulus of the aqtdfer skeleton 
hulk modulus of compression 
time factor 
Hankel integral 
Bessel's functions of the first kind of lhe orders a,h 
hulk modulus 
components of permeability tensor 
leakage term 
radius of an aquifer 
storage coefficient of an aquifer 
storage coefficient. of an aqtd tard 
specific storage of an aqtd fer 
specific st.orage of an aquitard 
transmissivity 
t.ransmissivit.y hmsor components in the direct.ions 
x and y 
voids volume 
solid volume 
paramet.er 
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L 
M-1LT2 
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skPldon aquifer' vPdicH1 compre.ssihility 
( = 1 /F.s) 
skr~lPlnn iHpiilHnl vertir:al r:omprP.ssihility 
hulk r:ompressihility 
r:nmprP.ssihility of the solid grains 
fluid r:ompressibility 
r:nnstant 
unit weight ( = p g) 
unit. weight of the matP.riaJ without void 
unH weight of the 1 nVF~r n 
unit weight_ of water 
Krow~r:ker symho 1 
cuhic dilatation 
strain tensor 
r:onstant (=l - ag Kb) 
Lome pnrnmeter 
LamP. pnrametP.r, rigidH·.y morl11lus 
Poisson's r:oeffir:ient 
rlisplar:ement ( Sx• SY' sz) 
displncement (unit volume and unit pressure chnnge) 
expnnsion or r:ompnr:tion of nn aquifer layer 

expnnsion or r:nmpaction of an aqtJitard layer 

vnlumic moss 
fluid volumic moss 
total stress 
stress tensor 
effective stress tensor 
effer:tive stress 
inr:rement 
sommat.ion 
volume porosity 
internal frir:tion angle 
gradient 
Laplar:e's operator 
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Notations. Chapter 3 

thickness of the jth layer 
thickness of the layer s of the bedrock 
depth of a layer 
depth of the layer s of the bedrock 
void ratio 
acceleration due to gravity 
water table variation 
capillary water height 
funicular zone height 
pendular zone height 
influence factor of the stratum j, at the initial, 
final state 
subscript of a substratum of the strntum j 
number of substrata of the stratum j 
numher of layers 
initial, final water tahle 
vertir.al coordinate of the lanci surfnce nt the 
initial, final state 
attraction variation of the jth layer 
attraction of a substratum 1 of the jth layer 
at the initial, finnl state 
gravitation constant 
aquifer rndius 
storage coeffir.ient of an a~Iifer 
specific storage of an aquifer 
fluid r.ompressibility 
fluid unit weight 
unit weight of the materia] without void 
unit weight of the penciular zone 
increment 
thickness of a thin circular slab 
expansion or r:ompar:ti on rllong z of t.he jth 1 ayer 

tot.a] expansion or compaction along z 
fluid-volumic mass 
fluid vollooir: mass at the initial, final state 
volume porosity 
1m it expansion of the jth layer 
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Notations. Chapter 5 
========== ========= 

confined aquifer thickness 
unconfj ned aquifer thickness 
pipe friction 
acceleration due to grflvity 
piezometric head 
pressure hefld fluctuation 
permeability 
parameter 
fluid pressure 
atmospheric pressure 
effective radius 
influence region radius 
well radius 
time 
water-level well oscillation amplitude 
amplification factors 
barometric efficiency 
water column height above t.he aquifer 
effective water column height 
bulk modulus 
storage coefficient (of the aquifer) 
specific storage (of the aquifer) 
transmissivity 
retardation time 
Tidal Efficiency 
aquifer ske 1 eton verti ca 1 compress] bi 1 i ty 
parameter 
fluid compressibility 
parR meter 
tidfll dilatation 
cubic dilatation due to Pa 
Poisson's coefficient 
fluid volumic mass 
wave period 
water-level phase lflg 
wave frequency 
parameter 
vol11me porosity 
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CHAPTER 1. WATER-LEVELS REGISTRATIONS 
------------------
1. Observations 

Tn ,Jammry 1984, the Bel gj nn 
borehole with three observation 
of Belgium (afterwRrds referreg 
Delcourt, 1990). 

Geologicnl Survey has drilled n 
wells at the _BoyaJ Observatory 
!!~ _:ROB"2• in Brussels (Laga & 

The profile drawn up by the BeJgjan Geologica] Survey shows that 
eight different layers belong to a multiple aquifer-aquitard 
system, down to a 140 meter depth {figure LJl. Three of these 
]ayers has been conshlered as aquifers: a water table aquifer in 
the Brussels sand, which the phreatic level appears at the depth 
of about 35.60 m, an intermedjate aquifer in the tuf of Jjncfmt. 
<md a deep aquifer in t.he fissllred bedrock, in which the pressure 
heads are respectively rising at. thP. depths of about. 61 .50 m and 
67.00 m. The tP.chnical dP.scdption of the borehole and the 
complete geological study con be found in Laga & Delcourt (1990). 
The water-levels variations are registered by capacitive trans
dur:ers "Nivocaps" (Van Ruymheke & Delcourt, 1986). All the obser
vations ore converted into the standard format used by the 
"ICF.T", Tnt.ernnti on a 1 Centre for the F.arth Tides (Ducarme, 1975, 
1978). 

In the wnter-levels registrations, three kinds of varintinns 
ore det.ected : I nng term vnriati ons (i.e. over one yenr or more), 
short term vari nt ions which cnrn~spond to pressure hends rle
clines during pumping (of iibout two hours durnt:ion) ilnd periodic 
fl uctunti nns in the i ntermedj at.e anrl deepest. we 11 s. We sha J 1 see 
t.hat those osd 1 1 ations ilre due to ti da 1 phenomena. The water 
tnhJ e doesn't show any peri ocHr: flur:tunti ons of that kind. WP. use 
thP. now available watP.r-levels hourly reodings sP.t, i.e. 4 years 
and six months observations, from .June 1984 to December 1988. 
(De1court-Honore7. 1 afterwords referred as _:DH", 1990a). 

2. Water-levels barometric responses (at long term) 

Water-levels in wells especially tapping r:onfined aquHP.r 
arP. affer:tP.d by r:hRnges in the atmosphed r: pressure (e.g. ,Jar:ob, 
1950, Melr:hior P.t ol., 1956, Sterling, 1964, De Wiest, 1966, 
WfiHon, 1970, Sterling & Smets, 1971). At t.he ROB, eRr:h of t.he 
thrP.e WP.ll-aquifP.r systems is sensitive to the atmospheric pres
sure variations. 

We ohtain the hi-hourly reodi.ngs sP.t of the ot.mospherir: 
pressure in Brussels from t.he Royn 1 MetP.nro I ogi r:o 1 TnstHute of 
Belgimn, Brussels. A polynnminl fit·ting h; nppJied to get one 
dntfl every hour. 

At: long term, we remove the barometric: effer:ts hy using t.he 
Multiple Input Single Output method (De MP.yer, 1982) and by 
determining the trrmsfer funr:tions. ThP. impulse rP.sponsP.s are 
given in thP. tobl~ .!~..:. resper:tively for the water tnble, for the 
inlermerliote anr'l deP.p wP.Jls. The pressure Pt r~re expressed in 
mlllih<w nnd thP. numerir:nl coefficients ctre expressP.rl in millime-
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tP.r of wRtP.r.millihRr-1. For P.Rch wotP.r-lP.VP.], the l'itatic rP.l'ipon
~e corresponding to the 7.ero frP.quenc:y is n'!present.ed hy the 
"static RdmittancP. or P.fficiP.ncy", also cRllP.d the "Observed 
Efficiency" I'BBiobs· 'l'h]s P.ffid.ency is oht.ninP.d by ndding the 
coP.fficients of fhP. expressions (1.1n), (1.1h) Rnd {l.lc) respP.c
ti ve 1 y for P.Rch water-1 evP.J . 1 BF.I obs is gi vP.n in thP. 1 nst. co 1 umn 
of the ~ohlf 1~ 

3. WatP.r-leyels data 

WP. obtain the long term water-levels vn.riations by dlrP.ct 
measurements with the meter and hy extrapolation using the 
registrations of thP. nivocap transducer. From the data files we 
cHn P.stablish the list of the largest variations in the three 
wells; we present. that list in the table 1 .2. 

'l'hP. figurP. 1~..:.. displnys the long term variations of the 
water-levels registered in the three WP.lls during the first year 
of observations {84/06/01 - 85/07/09). On this figure, the 
water-levels are represented at the same scale : thot shows that 
the water table (1) is varying (a maximum rise of 0.07 m) lP.ss 
than the pressure heads in the intermediate (2) and dP.P.p wells 
(3) (n'lspectively pressure heads increases of 1.40 m and of O.Q5 
m). On the figures 1...:.1 to l..:_~, we see the 34 months data sP.t.s 
(84/06/0l 87/03/0Q), respP.ctively for the water-table, thP. 
i ntP.rmed i ate cmd deep we 11 s. On the figures 1 . 6 to 1 . 8, the 
complete data sets (84/06/01 - 88/12/02) for the water table, 
the intermediate ond deep wells ore presented. 'l'he curves (a) 
are the wi'lter-1eve1s that are not corrected from the atmospheric 
pressure effect, the curves (b) are the water-levels from which 
the bl'lrometric effect. has heen rP.moved. 

From thosP. figures ond from thP. tohlP. 1.2 (DH, 1Q8Qb) we 
con concludP. that the water-levels are not very stable. In the 
water toblP- aftP.r thP- first yeor, the registrations show largP.r 
voriotions, e.g. a lO em decline (from 86/06/01 to 86/10/31), a 
16 em rise (from 87j0Qj2Q to 88/04/25) and a 18 em rise (from 
88/04/25 to 88/11/04). 
In the intP-rmediate and dP.ep aquifer, after the onP. yei'lr recovery 
phase of about one meter, the pressure heads show decreases and 
increases of thP. ordP.r of 10 em resulting in a total decreasP. of 
60 em in the tuf and of 38 em in the bedrock (Comments on water
levels variotions can be found in DH, 1Q86a, b, 1Q88, 1Q8Qa, b, 
lQQOa). 

'l'hP. short term variations corresponding to pressure heods losses 
during pumpings are registered with amplHudP.s of O.Ol m to 0.07 
m in the intermediate well and of 0.01 m to 0.11 m in thP. deP.p 
WP.J] . 

In the oim to calculate the effect of thP. wot.er-levels 
variations on grovity (moinly on the supP.rconnucting grRvimetP.r 
regi stri'lt ions at. thP. ROH), we have to P.st:i mate thP. 1 ond snbsi den
ce (cf chapter 2) ond the grovitotional P.ffP.ct (cf chopter 3). We 
call thP.sP. two effP.cts thP. "hydrogeological perturbing P.ffect". 



CHAPTER 2. LAND SUBSIDENCE 
========= 
1. Introduction 

The land subsidence due to ground-water, oil and gaz 
withdrawal is a well known phenomenon. Observed subsidences in 
the San Joaquin Valley (for instance Lofgren, 1975, Bull & 
Poland, 1975, Poland et al., 1975, etc.), above the gaz reservoir 
at Groningen (Geertsma, 1973) and in t.he Venetian lagoon (Gambo
lati & Freeze, 1971) are largely reported. 

The water-levels fluctuations are modifying the effective 
stress in the strata; those effective stress changes are re
sl!lting in the beds deformation. 

Various types of compression are involved, mainly elast.ic or 
instantaneous compression of elastic media (such as a sand aqui
fer) and non elastic or plastic deformation (of beds of clay in 
or adjacent to the aquifer); the clay bed settlement is depending 
on the time and it is described by the consolidation theory. 

In aquifers and aqtd tards (porous or fissured media), we have to 
deal with the porn-elasticity equations (Biot, 1941, 1955, 1956) 
of which the resolution leads to the land displacement. 

To calculate the total effect of several water-levels of 
an aquifer system and in the aim to est.imate hydrogeological 
perturbing effect at other stations than at the ROB, we prelimi
narily analyse each kind of the following phenomena : 

- the land displacemfmt induced by water-table variations. 
the land displacement due to the pressure head changP-s in a 
confined aquifer. 

- the consolidation of an aquitard. 

We study the land subsidence in a multi-aqui fer-aquitard 
system by the combined problem. 

The mean vertical gradient of the gravity (Melchior, 1971) 

dg ~- 3.086 rGal. cm-1, (2 .1) 

allows, from the total land displacement, to calculate the total 
effect of t.he water-levels variations on the superconducting 
gravimeter registrations. 

6 



Most of reports on the land surface change describe the 
1 <md surface response to dec 1i nes of the water-1 eve 1 s. In this 
larger study, we have also to consider the opposite phenomenon, 
i.e. the response to the rises of the water-levels too. 

2. Definitions of the storage coeffjcient (S) and of the specific 

storage (Sc) 

The storage coefficient S and the specific storage 8 5 of an 
Rquifer are hydrogeological parameters that allow to connect 
Earth tides to hycirogeology. 
It. must be noticed that in hydrogeology, various definitions are 
used for S and for 8 5 • We have chosen for S5 the expn~ssi on : 

Ss = P g (a + 0o f3) , (2.2) 

in which p, a, f3 and 00 are respectively the fluid volumic mass, 
the skeleton aquifer vertical compressibility, the fluid com
pressibility and the volume porosity of the lf.lyer. In (2.2) , it 
is assumed that the solid grains are incompressible so that 
volume changes of t.he formation are taken as equal to changes of 
the pore volume. If the compressibility of the solids ag (M-1LT2) 
is not neglected, the specific storage S5 c is defined as : 

(2.3) 

derived from the generalized stress law (cf.(2.6)) of Riot
Wi 1 Us-Nur-Ryerlee (1971) and from the general three ciimemdonal 
equations for the interaction of stress and fluid pressures in a 
homogeneous porous meciium by Vander Kamp & Gale (1983); ab is 
the hulk compressibility (M-1L'f2) and vp is the Poisson's coeffi
r.ient. 
It is eviciFmt. thnt if t.he compn~ssihility of the solid groins ag 

is neglected in (2.3), this lntter equation becomes simplified in 
(2.2). 

For thP. storage coP.ffir.ient S of a confined aquifP.r with thick
ness b, we choose 

S = S5 b (2.4) 

The S5 dimensions are L-1 , S has no dimension. Several arguments 
justify our choicP.s of 85 and S definitions (DH 88). 
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1. Effective stress law 

In a porous medium of two phases, fluid-solid, as aqtdfers 
or aquitards, the Terzaghi's law (1925) states that the total 
stress a total of the effective stress az horne hy the 
skeleton and of the fluid pressure p, is constant : 

a = a 2 + p 

For instijnce, for a constant total stress, a decline 
fluid pressure increases the effective stress of the 
skeleton and that results in a reservoir compaction. 

(2.5) 

in the 
aquifer 

The Terzaghi's law is generalized for a fissured rock in the 
expression of Biot-WU lis-Nur-Byer] ee (1971), firstly suggested 
hy Geertsma (19.57) and Skempton (1961) who adjusted Riot's equa
tions to convenient experimental procedures for the determination 
of the deformation constants and adapted Riot's theory to various 
types of reservoir rock 

aij are the effect.ive stress tensor components, 

aiJ the components of the total stress tensor and 
pressure. 

~ is a constant defined hy 

~ = 1 - Kb rig 

(2.6) 

the fhdd 

(2.7) 

{Kb is the bulk modulus (ML-lT-2) and ag the grain compressibili
ty (M-1LT2)}. 
If ag is neglected, the law (2.6) becomes simplified in the 
Terzaghi's lRw (2.5). Gar & Nur (1973) present a discussion of 
the valldity of the law (2.6) demonstrat.ed for small deforma
tions. Their considerations are based on the "TINC" (Theory of 
Interacting Continua) that uses developments in series of Kb, ag, 
..• ;that theory is introduced by Morland (1972) who deduces 

expressions describing the well response to a tidal force; we 
shall meet Morland's expressions in the study on the Earth tides 
in the wells, in the chapter 5. 
The generalized form (2.6) allows to define the specific storage 
S5 c (cf (2.3)) for a medium with compressible grains. 

Any water table change has an effed on lower-zone applied 
stress (Bull & Poland, 197.'5, Mart:in & I.mds, 1973). Mainly, as 
it r:an he seen on the a z - depth diagram of the figure ~..:...!.• 
a der:line from the initial water table Zi to the final water 
tnhle ZF, inr:reilses the effective stress of p g (Zi - zF), which 
is transmitted to the lower layers. 
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4. Vertical displacement induced by the water table variations 

The vertical displacement induced by the water table 
variations can be considered as time-independent. and thus 
instantaneous soi 1 compaction and expansion c<m be estimated 
w:i.th the same model. 

The Terzaghi's expression (1925) allows to calculate the 
compaction· t z of a layer with thickness b, induced by the .1az 
variation in the effective stress Uz : 

= In (2.8) 
b A*,C* Uz 

in (2.8) 
z 

- iR is the influence factor for a normnl uniform loan over a 
circular area with rnd i.n.s R (De Beer, 1949) 

z 
jR ={ 1 

1 

J 
(2.9) 

- C* and A* are respectively the compaction constant and the 
expansion constant rlefined by (e.g. for C*) 

d(lnp) 
C* = 

d Ev 

(E=v is the deformation) 

(2.8) is also written as 

= Jog 
h 1 + e 

in which e is the voirl rotio, 
volume Vv to the solid volume 

i.e. the ratio 
V8 or : 

q 

(2. 1 0) 

(2.11) 

of voins 



Vv 
e = (2. 12) 

Vs 

and Cc ' compression index, is defined as 

de 
Cc = (2.13) 

d(log az) 

z 
For an infinite extent load, iR is equal to 1 (2.8) becomes 

= ln (2.14) 
b A"',C"' 

(2.14) is the classical Terznghi's expression also used to cal
culate the compaction of a confined aquifer and the settlement 
(at the equi 1 ihrinm) of an nquitnrd (see § .I) and 6). 

!'i. Displncement induced by the fluid pressure vnriations in a 

confined aquifer. 

5.1. The para-elasticity 

The decUne of fluid pressure in connection with the 
withdrawal of fluid from an underground reservoir gives rise to 
change in volume of both reservoir fluids and reservoir rocks. 

Terzaghi's treatment is restricted to the one-dimensional problem 
of the response of a soil under a constant load. A study was 
carried out by Riot who first extended the theory of deformations 
of porous materials (Riot, 1941) to the three-dimensional case 
nnd established the equations vnlid for nny arbitrary load vnrin
hJe with time in an isotropic medium. Riot generalized this 
t.heory to an anisotropic medium (Riot, 195.1), 1956), writing the 
we 11-known 11 poro-e 1 asti city equations 11 • Those equations link the 
fluid flow field to the stress field. 

Tn nn isotropic porous mnteri nl , the four equations of the 
poro-elnsticity lead tn (Gambolati, 1972): 

3 p 

a t 
= (2.1.'5) 

P g(a+ 0of3) 
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in which 'iJ 2 is the Lop 1 nee's operntor 1 p is the pressure bend 
ond kn, the Dnrcy's coefficient. 
The oiffusion equntion (2.15) describes the piezometric decline 
resulting from depletion in the aquifer ano also allows to stuoy 
the subsidence problem. Gamboloti & Freeze (1973) si mpl Hied the 
Biot's three-dimensional nnisotropic equations by establishing 
the "psendo-tddimFms:ional" equation 

a h 1 
= 'V. (Ku 'V h), (2.16) 

a t p g(a+0of3) 

in which h is the pif~zometd c heorl or fluid potenti nJ in the 
aquifer. 

5.2. Stroin nucleus concept 

The equation rlescribing the interoction between the pore
pressure nno the strain field con be solved mnking use of the 
concept of the "stroin nucleus". Each volume element (fig 2.2) at 
n point Z (o,c) contributes to the potentinl nt P in proportion 
to the fluirl pressure prevailing ot Z. The same npplies to the 
potentinl graoients, i.e. the displacements r . Therefore 
(Geertsma, 1973). 

p(Z) ~* (P,Z) d V (Z), (2.17) 

where s* represents the displacement 
pressHre at Z in volume element dV, 
of strain". The function ~*can 
function for the displacements. (A 
stress nucleus and tension center is 
pressure is varying). 

nt P resulting from a Hnit 
forming there a "nucleus 
be considered as the Green 
strain nucleus also named 
then a cavity in which the 

5.3. The homogeneous elastic model (McCann and Wills, 1951) 

HYPotheses : the subsoil is made to approximate a homoge
neous, isotropic, semi-infinite elastic medium, delimited by a 
f1 at, free upper surface. 

Starting from the equations of the theory of elasticity, Me 
Cann & Wilts (1951) obtain the distribution of the oisplncements 
provoked in the medi11m by a unitary variation of radial tension 
ncting Rt the bounoary of a (sphedcal) CRvity of unHary volume 
(tension center) * 

The verticnl component of the displRcement ~ in P (see 
fig 2.2) is z 

:It 1 1 + v p C-7. 7. + 3c - 4 v p (7. + c) 6z (z + c)2 

~ = ( --+ + 
z 8 nE 3 3 5 

"Rl "R2 "R2 

) 

(2 .18) 
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or 

= 
z 

R1 = ~r2 + (c-z)2 

R2 = { r2 + (c+z)2 

3 l + v p 

f (c, z, r, vp), 
8 'ITE 

(2.19) 

(2.20) 

(2. 2l) 

with Vp the Poisson's coefficient, E th~ Young's modulus ; w~ 
a]so write (2.21) as a ftmction of the volumP. compr~ssihility ab 
(thP. inverse of thP. bulk modulus Kb): 

"' 
{, = 

z 

1 + v p 

----------- nb f (c, z, r, vp) 
8'1T (1-2 v p) 

(2.22) 

5.4. Th~ homogP.neous porn-elastic modP.l (Geertsma, 1966, 1973) 

WP. shall s~e that th~ displacement P.Xpression in a porn
elastic medium only differs from the expression (2.20) for an 
P-lastic medium by a coeffid en+ clP.p~ndi ng on thP. charact.er:istics 
of the poro-~lastic m~dittm. 

~the~~~ the subsoil is mad~ to approximate a homoge-
neous, isotropic, semi-infinite porn-elastic medium . 

. 1).4.1. Displac~ment expression 
----------------------------------------------

The v~rtical component of the displacement (using the strain 
nucleus conc~pt) for a unit vo]um~ and for a unit pressure 
variation i.n the nucleus, is (Geertsma, 1966) : 

"' 1 + Vp 

{, = ab f (c, r, z, vp), (2.23) 

in which f is d~fin~d by th~ expr~sFdon (2.18) to (2.20). 
compan~ ( 2. 22) wlth ( 2. 23) , w~ rleduce th~ re 1 ati on between 
P-lastic and poro-~lastic models : 

"' 2 1-2 v p * 

If we 
th~ 

{, (porn-elastic) = 
z 

{, (elastic) 
z 

(2.24) 
3 1- Vp 
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5.4.2. Subsidence of disc-shoped reservoirs 
==================================== 

It is a generolization of the theory written in the§ 5.4.1. 
The reservoir is in the form of a circular cylindrical 

volume (rodius R) of small thickness h, ot the depth c, in the 
horizontal plc'me, i.e. parrdlel to the free surface of the 
halfspace (see~ ~1.). 
Application of equation (2.17) to a disc-shaped reservoir leads 
to a displacement fi.eld :induced by a row of tension nuclei 
cHstrihuted arounn the circumference of the circ]P. of radh1s * 
(0 i P* i R) situated at the plane z=c (fig 2.4.) : 

t = h .1p (r, z, p * , cp ) p * d p* ncp (2.25) 

f' is the displacement per unjt volumP. and pressure change and 
.1p is the fhd d pressure variation rlescri bed by the porn

elasticity equoti.ons (2.1.,). The integration over the angle cp 
(Nowacki, 1 962) 1 earls to the vertica 1 component t z (Geertsma, 
l 973), in terms of Hanke 1 integra 1 s (Eason et a 1. , 1955). 
The integrals are all of the type 

1(a,h,d) = J: e -qa ad ,Ja (aR) ,Jb (ar) da, (2.26) 

(r > o, R > o) 

.in which a, b ann rl represent numerical values 0 <mrl 1 and -la, ,Jb 
are Bessel's functions of the first kind of the orners a, h. 
For brevity's sake, the following shorthand 

11 = 1(1,1,0) 12 = 1(1,1,1) l3 = 1(1,0,0) I~= 1(1,0,1) (2.27) 

The va 1 ue of q is i nd i co ten by means of the not ot ion In< q > WHh 
this notation, the vertical component of the displacement tz can 
he writbm as 

Cm'R 

=- h .1p 
2 

[ - E 
-E(z-c) 

13 
(z+c) 

- (3 - 4 Vp) T 3 
( z+c) l 

I I 

J 

(2.28) 

in whi.ch Cm is the uniaxial r.ompctetion coefficient nefined from 
the generalized law of the effective stress (2.6) 



( 1-13*) (1-2 Vp) 

Cm = (2.29) 
2 11 (1-vp) 

ag 

13* = = Gg Kb (2.30) 
ab 

E = - 1 for z > c 

f = + 1 for z < c 

The subsidence being the vertical d:isplRcement flt z = o, 
obtained from equation (2.28) is : 

(C) 

5 z ( r, o) = - 2 em h .:1 p I 3 ( 1 - v p) (2.31) 

The surface subsidence above the centre 
depleted reservoir amounts to : 

of the disc-shaped 

5 z ( o, o) = - 2cm h .:1 p (1- v p) [ 1 -
cjR ] 

------ (2.32) 
[l + (cjR)2]l-s 

5.4.3. Reservoir compRction 
----------------------------------------

The reservoir compaction is found by considering the 
displacements 5z at c ± b/2. Becfluse b is usually< <c , n good 
approximation is that those two vertical components are 

h cmR 
5z (r, c ± -) - b .ip 

2 2 

[ 
(b/2) (2c> <2c> ] 

± I3- (3-4 vp) I3 - 2c It• (2.33) 
(2.34) 

The reservoir compaction :is the difference between these two 
values of 5 z and obviously amounts to 

(2.35) 
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5.5. Terzaghi's expressions 

The compaction (or the expansions) of the confined aquifer 
layer can be also estimated by i'lpplying the Terzl'lghi's 
expressions (2.A) for a norm.;] unHorm load distributed over a 
circular area or (2.14) for .;n infinite extent lol'ld. 

6. Consolidation of the .;quit.ards 

6.1. One-dimensional consolidation e~Jation 

For the aquitards, the gradual compression as a consequence 
of the gradual transfer of imposed stress from pore water to 
mineral skeleton is called consolidation. We use the concept of 
consolidation developed by Terzaghi (1925), generally considered 
to be the beginning of soi 1 mecb<mics and also by the more fnmi
liar hydrologic terminology according to Domenico & Mifflin 
(1965). 

The one-dimensional consolidation equation is 

a Pe k'n 
= (2.36) 

a t pg(a' + 0' o f3) a z2 

in which Pe is the pore-water pressure in excess of hydrostatic, 
k'n, a', 0' 0 , f3 are the vertical permenbility, the vertical 
compressibility, the volume porosity of the clay layer. 
In a compressible confining layer (Domenico & Mifflin, 1965), 
the volume of Wflter obtained from expansion of water is negligi
ble compnred with that obtained through a change in porosity. The 
descript.ive differential equat.ion (2.36) is then expressed: 

aPe k'n 
= (2.37) 

at pg a' a z2 

These equation is a "diffusion equation" : the dimension of the 
diffusion coefficient k'n/ p ga' is L2T-1. The application of the 
Terzaghi 's (2. 5) a 11 ows to demonstrate that the vertica 1 flow in 
n semipervious element, assuming Darcy's law to be valid is 
verifying (Harr, 1966) 

1 + e 
= 

av p g a z 

a Po<:! 
(k'n --), 

a z 

in which the coeffi dent of compressi bi 1 ity is defined as 
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Cl e 
av = (2.39) 

d z 

As consolidation proceeds, the parameters k'n, e and av all are 
changing with time and may also vary with z; thus in genera], 
{2.38) is written as 

Cl Pe Cl 2 Pe 
= Cc (z,t) (2.40) 

d t Cl z 2 

If it is supposed that k'n, e and av are constants, then 

k'n (1 + e) 
Cc = (2.41) 

nv p g 

Cc is colled the coefficient of consolidation. 

The equotion (2.40) with Cc as 
fundomental form of the governing 
consolinotion process. 

a constant is Terzaghi's 
differential equation of the 

The dimension of Cc is also L2T-1, 
coefficient. 

dimension of any diffusion 

By comparing (2.37) with (2.40), we deduce 

k'n 
Cc = (2.42) 

p g a' 

By analogy with the specific storage S6 defined for a confined 
aquifer, the specific storage S's for a confining layer is 
dPfined as (Domenico & Mifflin, 1965) : "the volume of water 
that a unit volume of confining layer releases from storage, 
owing to its compression when the average excess pressure with 
the unit volume undergoes a unit decline"; it is expressed as : 

S's =Pga' (2.43) 

The specific storage of confining layer is similor to 
specific storage of an adjacent a~Iifer, differing only in 
r.ompressibi1Hy of water is neglected in the aquitard. S' 8 

then olso of L-1 dimension. If E'c is the bulk modulus 
r.ompression, i.e. 

1 

the 
that 

is 
of 

a' = (2.44) 
E'c 
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from (2.44) and (2.43), it can be deduced 
pg 

S's = 
E'c 

(2.45) 

We can also express S' 5 , from (2.41), (2.42) and (2.43) as 

av p g 
S's = --- (2.46) 

1 + e 

and, from (2.42) and (2.43), we write 

k'n 
S' s = (2.47) 

Cc 

From (2.37) and (2.43), we deduce that, in a cl<}y layer, the flow 
is governed by the equation 

k'n a 2 Pe 
= (2.48) 

at S's a z2 

By comparing (2.48) written for an aquitard with (2.15) written 
for an adjacent aquifer, we remark that the ratio kn/Ss 
influences the response of a groundwater system to a pumping 
stress, in the same manner as the ratio k'n/S's influences the 
response of excess pore water in a confining layer. For a 
confining layer, the time required for development of "cone of 
depression" due to vertical movement of water out of the layer, 
is more appropriately thought of as time required to achieve full 
consolidation. 

6.2. Time rate of consolidation 

The equation (2.40) is a diffusion equation : 
solved by analogy with the heat flow theory. With 
(2.45), (2.40) is written as : 

E'c k'n a2 Pe 
= a t pg az2 

it c<m be 
(2.47) and 

(2.49) 

This equation describes the shape of a family of curves 
(isochrones) showing the proportion of effective and neutral 
stresses in a confining bed from time t = o, when Pe begins 
declining, to time t = m, when steady - flow conditions are re
estabU shed. This parabolic equation is solved (Melchior, 1986) 
if one initial condition and one boundary condition are known. To 
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solve (2.49), Tn.ylor (1948) assigned the boundary and initial 
values to the internal pressure within a consolidn.ting mass and 
the external pressure within a consolidating mass and the 
external pressure at its upper and lower boundary (see Domenico & 
Miff! in, 1 96.1)) • 
The actual time for a given isochrone to be reached is a constant 
multiple of some dimensionless time fHctor Ft, with 

k'n E'c t 
Ft = (2.50) 

where bL is the distance to a drainage face (fig. 2.5a, h.z_ s:) 

For an interbedded clay stratum where drainage is possible from 
both an upper and lower surface,~ equals h'/2 and : 

4 Cc t 
Ft = (2.51) 

b' 2 

(2.50) is also written, from (2.45) and (2.47) 

Cc t 
Ft = (2.52) 

In single drainage, i.e, drainage from an upper or lower surface 
only, bL is taken as the thickness of the compressible stratum 
and 

Cc t 
Ft = 

b' 2 

The expression (2.51) and (2.53) are often 
Terzaghi & Peck (1948). 

(2.53) 

attributed to 

A rigorous mathematjcal solution (Harr, 1966) allows to 
calculate the "degree of consolidation", often determined by 
applying the method of finite difference and also using the tnhle 
of Leonards (1962) that gives the percent consolidation of a clay 
layer that has occurred at. the corresponding time factor. A 
mathematical study of the consolidation of a clay layer has been 
developed by Bi ot (1941) from the poro-el asticity theory. 
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6.:1. Settlement of an interbedded clay layer induced by 

fluid pressure decline in adjacent aquifers. 

The responses of a sa.nrlw:ir:hed r:lay loyer t.o adjocent aquifer 
changes in pressure head can be calculated using the "effective
pressure area" according Domenico & Mifflin (196.'5) (fig 2 .. '5a, h, 
c). 
The final settlement at 
pressures. .1 h1 ond .1h2 , 
can he then esti~flted hy 

equilibrium for changes in nquifer 
above and below the confining lflyer 

= S' ( 2. ')4) 

z 2 

or 

= S's h' (2.55) 
z 2 

and also by the Terzaghi's expression (2.14). 

For the clay strata at ROB, we use both Domenico & Mifflin's 
expres~d ons and Terzaghi' s expression that both 1 earl t.1 the same 
settlements values. 

7. The combined problem 

To develop a practical mathematical treatment of the 
subsidence problem, in a multiple aquifer-flquitard system, it is 
convenient to think of the suhsicience process flS resulting from 
two independent phenomena 

the hydraulic response of the aquifer system to pumpfl.ge, i.e. 
the temporal and spatia] head distributions 1n the aquifers 
(the groundwater problem). 

the compression of the aquifers and the aquitards due to 
changing head distributions in the aquifers (the consolidation 
problem). 

Those two phenomena are "coupled". The pressure head 
distributions obtained from the groundwater problem are used as 
boundary conditions for the consolidation problem. 

If hi (i = 1,2) are the hydraulic heads 1n the 
flqu:ifers, t.he flow in the aquifers :is governed by the 
(Bredehoeft & Pinder, 1970) : 
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+ Qi (x,y,t) = [ () Clhi 
(Tix -) 

()x a X 

+ 
a t ay 

(2.56) 

in which Si are the storage coefficients, Tix.y , the main 
components of the transmissivity tensors in the directions x and 
y. The equations (2.56) are then coupled by the leakage terms 
Qi ([Qi] = LT-1), that are, provided aquitard storage is neglec
ted (Molz & Hornberger, 1974) 

-k'n Ch2 - hi) 
Q2 (x,y,t) = ------- = - Q1 (x,y,t) (2.57) 

h' 

The consolidation problem is described by (2.40). 
However, :it appears that in most s:ituations involving small 
(less than 5%) strains and one-dimensional, vertical consetlida
tion, the coupling effects can be ignored (Gambolati, 1973). 
The formulation (2.63) and (2.64) can be extended to any number 
of aquifer-aquitard combinations. 
Corapdoglu & Brutsaert (1977) propose a viscoelastic aquifer 
model to analyze and predict the subsidence; we cannot apply 
their theory at the ROB missing of the "viscoelastic system 
parameters". 

8. Land displacement and effect on g induced hy the three water-

level variations at the ROB 

To estimate the land surface displRcement, we calculate the 
compaction and the expansion of each layer. We consider the 
effect of the effective stress variation transmitted to the 
underlayers. 

We apply the theory developed by Gambolati {1973) about the 
deviations from the Theis'solution *; we conclude that the hori
zontal displacement may be neglected and that the Theis' solution 
is valid. Indeed, the consideration of the horizontal strain 
components results in a modification of the classical diffusion 
equation to which a further integra-differential term is added. 
This new equation is solved in a pumped artesian aquifer enclosed 
in a half space by an iterative finite element technique. The 
Gambolati's approach has shown that the drawdown deviation from 
the Theis' solution depends on the values of a parameter W , 
defined as the ratio between the average depth and the thickness 
of the aquifer. Especially if W 2 2, the importance of the three
dimensional effect becomes negligible ; the Theis' solution is 
then valid. For the intermediate and the deepest aquifers at ROB: 

() h T 
Theis' solutjon = V 2h, with T = kn b, 

() t s 
transmissivity and S, storage coefficient 
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- in the tuf, we find W ~ 9.36 and 
- in the bedrock, W ~ 4.88 

Thus, we admit that Theis' solution may he applied. 

We study the total eFfect of the three water-levels vnria
ti ons: we choose the time intervals I1 (from 85/01/01 to 
8.'5/06/30) and I 2 (from 86/06/01 to 86/10/31) during which the 
largest values of the wat.er table variations were registered, 
i.e. a 0.07 m rise and a 0.10 m decline; during I1, the heads 
in the tuf and in the bedrock respectively increased of 0.45 m 
and 0.86 m; during 12 , the pressure heads in the tuf and in the 
bedrock respectively declined of 0.23 m and of 0.35 m (DH, 1988). 

In the data sets just now available (from 87/02/25 to 
88/12/02, we choose the time intervals 13 (from 87/09/29 to 
88/04/25) and I 4 (from 88/04/25 to 88/11/04) during which the 
water table shows 0.16 m and 0.18 m rises; in the intermediate 
and deep aquifer the heads variations don't exceed 0.31 m. We 
also consider the interval I5 from 88/11/04 to the end of the 
avai 1 able data (DH, l990b). 
On account of the combined problem we have to study and on ac
count of various kinds of water-levels variations that. are 
registered, we classify the water-level variations according to 
their type (at short or long term) and according to the varia
tions belong to the water table or to the intermediate or deep 
aquifers. 
We also calculate the largest effect during one year : i.e. 0.07m 
rise in the water-table, 1.40 m increase in the tuf and 0.95m in 
the bedrock (see DH, 1988). 
The settlements or expansions of the clay strat.a are calculated 
at the equilibrium; the effect of pumping is the effer:t inducerl 
hy the pressure head decline before the recovery phase. 
The short term variations corresponding to pressure heads losses 
during pumpings are registererl with amplitudes of 0.01 m to 0.07 
m in the intermediate well and of 0.01 m to 0.11 m in the deep 
well. 

To apply all the theories we explained in this chapter, we 
have to know both the values of the effective stress and the 
values of elasticity parameters of the ROB layers. 

We drawn up the effective stress diagram as a function 
depth, depending on the thickness and the unH weight 
layer(~~~ fig~ 2.6). 
The Poisson's coefficient vp is determined by the 
relation (1972) 

Vp 

= 1- sin 1.2 0 

0 is the internal friction angle. 
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The volume porosity is 

and 

Ywr Yk and Yn 
water ( y w = P w g) , 
layer n. 

calculated from the void ratio by 

0o 
e = (2.59) 

1 - 0o 

1- Yn/Yk Yw 
= e (2.60) 

Yn/ Yw - 1 Yk 

are respectively the unit weights of the 
of the material without void and of the 

As we do not know neither the numerical values of the 
r.ompact.ion constant C* or expansion constant A* or Young's 
modulus F.young, nor the specific storage 88 , and as the a.pplied 
loads are weak (it must be noticed that. the water table only 
shows variations of 7 to 18 em), we have developed a method 
leading to the est.imation of those parameters. A technical method 
of ci vi 1 engineering i.s concerned.. We comment some important 
points. 

We first consider 
Geotechnical Institute 
Brussels underground. 
values should be found; 
except for the bedrock. 

similar strata to those at the ROB. The 
allowed. us to use the data of the 

An order of magnitude of the parameters 
such a study has been made for each layer 
Let us summary some results. 

For the Brussels sand, for the sample "E/37, 6649/78/527, 
Annexes 1/1 a 14" (Geotechnical Institute), the constant C* 
equals 38. 
We obtain from (2.14), a settlement induced by a 0.07 m water
level decline, i.e. by a - 687 Pa effective stress variation, 
that is 1 zjl = 0.35 mm; this compaction is too large compared 
e.g. with the settlement measured for t.he drawdown at Focant 
(0.1 mm induced by a 1 m drawdown) or to others settlements (De 
Beer et al., 1968), although the strata at the ROB are more 
compressible than the shales at Focant. 
The compression test for the sample Fl/49 , similar to the 
Ypresian clay, 4572/83/24, Annexes 1/1 to 1/3, A/1 to A/63 (Geo
techni.ca1 Institute), results inC* = 20 and A* = 104; the value 
of C* leads to a compaction of 0.91 mm, also too large for a weak 
load. 
The reports of the loading test at the laboratory allow to deter
mine the consolidation coefficient cc. We use the characte
ristics of the plot of compression dial reading versus the time 
for the F1/49 clay sample 81/13158 (in the Flanders clay) to 
apply the two c1 ass ica 1 procedures, i.e. the Casagrande method 
<md the {t Method. From the two curves (fig. 2.7 and 2.8) we draw 
for this sample, we obtain Cc = 8.6 10-7 m2 s-1 and cc = 6.7 
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10-7 m2 s-1. With the mean value 7.65 10-7m2 s-1, from the 
Leonards' table and from (2.53), we obtain, a consolidatJon time 
equals 7.9 year, too long as a response of a clay stratum to a 
weak load. 

The elasticity parameters values depend on the values of the 
applied loads. The applied loads at laboratory are larger than 
the observed loads corresponding to the water-levels variations 
(0.07 m of water equals a 687 Pa, but 10 to 60 M.Pa are applied in 
the test).. Nevertheless a sample (20 mm height, 63 mm diameter) 
does not always show the properties of all the bed stratum it 
is also well known that a sample loses its rheological memory ... 
Thus, the parameter values deduced from experimental test or from 
references values tables may not be used in our problem. We try 
cmother method : we fit the Hardin & Drhevich' s expression 
(Holeyman, 1984) to the case of weak loads. This very long pro
cess (DH, 1988) to deduce the shear mociulus ~~ also leads to too 
large consolidation time (cc = 2.05 10-5 m2 s-1 and t = 107 
day). 
This discussion 1 earls us to adopt the Wallays' expn=!ssi on 
(Wallays, 1980) 

(C* - 25) .1 Uz = 45 000, (2.61.) 

withLiaz in kPa, that, for weak loads, fixes the lowest value of 
C* at the 1000 value (C* 2 1000 if Liaz i 45.32 kPa). We apply 
(2.61) to each bed except for the bedrock. 
For the 0.07 m water table decline, we find a 0.00001343 m sett
lement. For the two confining beds at Brussels, that value 1000 
leads to consolidation times and layers settlements that seems to 
be realistic i.e. 
-For the Ypresian clay, t = 8.75108 106 Ft sec ; 95% of the 

settlement are reached with Ft = 1.129 (from Leonard's table) 
then t - 11 day and 5 % are reached after t. - 25 min. 
For the clay of Waterschei, b = 10.292 103 Ft sec ; 95 % of the 
settlement are reached when t - 3.23 hour and 5 % after t 
17.5 sec. 

We are able to justify the choice of the expression ( 2.61); we 
shall see (chapter 5) that the value 1000 will be confirmed by 
the observed tides analyses and hy the response of the water 
Jevel to the atmospheric pressure variations. 

Because the applied loads are weak, we admit. that the com
paction constant C* equals the expansion constant A*. 

For the considered time intervals T1 to 15 , and taking into 
account the compactions and expnnsions of each layer due to the 
three watP.r-level.<> vn.riations, the land surface displacements are 
given in !ab1P. ~.:.!· The rlecomposition of the problem can he found 
in DH, 1988 and 1990b. ThP. lnnd surface displacements are vP.ry 
small but we have shown that they are largely varying when we 
calculate them taking into account the whole aquifer system or 
the water table only with effective stress variation transfer to 
the deep layers or neglecting that transfer (DH, 1990b). 
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Let us remember that the effect on g is obtained by using the 
mean vertical gravity gradient (2.1). 

Except for the water table, we admit that the beds are of infi
rdte extent; the water table is considered to be a drcuJar 
aquifer with 1 km radius R; but applying the expression (2.8) 
with the influence factor, we find an effect of- 4.1 nanogal 
that equals the effect calculated if we consider the water table 
to be of infinite extent. 

We used the Terzaghi's expression (2.14) and the Domenico & 
Mifflin's expression (2.54) to estimate the settlement (or the 
expansion) of the aquitards the effects obtained by applying 
those theod es nre equa 1. 

The effects of the pressure bends variations in the tuf and 
bedrock nquifers calculated according to the Geert.sma's theory 
mdng thP. strain nucleus concept (§ 5.4.2) or by applying the 
Terzaghi's theory(§ 5.5) nre also equal. 

During t.he T 1 i nterva 1 , 
of each layer due to the three 
an expansion of 0.22 mm i.e. 
during the r2 interval, the 
table 2.1.). 

all the compactions and expansions 
water-levels variations result in 
an effect on g of- 69.6 nanogal; 
effect equals + 50.7 nanogal (cf. 
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CHAPTER 3. ATTRACTION VARIATIONS INDUCED BY THE WATER-LEVELS 
========= VARIATIONS 

1. Introduction 

After having studied t.he land surface displacement effect, 
we are going to estimate the effect on grnvi t.y of the attraction 
variations induced by the variRble water masses. 

The fundamental principle 
that of the Bouguer's formula 
the expressions which allow to 
of the various kinds of layers 
fer (§ 3), a confined aquifer 
aquifer nor aquiclude (§ 4), 
rigid bedrock(§ 7). 

of the gravitational nttraction is 
(§ 2) : we extend it to establish 
calculate the gravitational effect 

we consider an unconfiner1 aqui
(§ 6), a layer that is neither 

an aquitard layer (§ 5) and the 

We firstly present the hypotheses we put to develop our 
study. 

2. Bouguer's formula and hypotheses 

2.1. Attraction of a thin circular slab 

The attraction A of a thin circular slab (f_ig..:~..:.l:.) with 
radius R, with thickness Ec and volumic mass p , on an unit 
mass, located at the distance c along the symmetry axis, is 
easily calculated by the Bouguer's formula (Melchior, 1971): 

A = 21T G p Ec iR (3 .1) 

if we define the "influence factor iR" as 

c 
(3.2) 

The influence factor is as a function of the radius R and of the 
distance c (called depth if t.he unit mass is located at the ]and 
surface). 

A is maximum when iR = 1 which corresponds to an infinite radius: 

A = 2'1T G p Ec (3.3) 

To study the attraction effect induced by water-1Ave1s varia
tions, we extent the expressions (3.1) to (3.3) <md we put a set 
of hypotheses. 
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2.2. Hypotheses 

2.2.1. Axial symmetry 
============== 
The geometrical configuration at the ROB is such 

that we may consider an axial symmetry and apply the simplified 
expression (3.1) i.t is then to he integrated over the whole 
thickness of the layer. A calculus we performed allows to show 
that a more rigorous solution such as that of a finite cylinder 
(proposed by Ducarme, 1974) is not necessary : indeed, if a 10 m 
thickness layer is subdivided into 10 em thickness sub-layers, 
the variation of the influence factors from one sub-layer to 
another one is only of 10-9. 

2.2.2. Land surface displacement 
--------------------------------------------------
We don't follow the hypothesis usually put by most 

of the authors studying the effect of the water-levels variations 
on the gravimeters registrations : they assume that no signifi
cant change in the station elevation has occurred (e.g. Lambert & 
Beaumont, 1977). We think that the attraction effect depends on 
the compressions and expansions of the various beds and on the 
total ]and surface displacement. We use the compressions and 
expansions values we calculated according to the theory we deve
loped in the chapter 2. 

2.2.3. Nature of the strata 
==================== 
We write attraction formulas for each kind of 

beds; indeed the boundary condH.ions for a confined flow differ 
from the unconfined flow boundary conditions; water table varia
tions correspond to changes in the various hydrostatic "regimes" 
(occurences of phases) in the upper zone and lead consequently to 
attraction changes; in a confined aquifer, the water compressi
bilit.y is to be taken into account. while in an aquitard the water 
compressibility may be neglected. 

2.2.4. Regimes in t.he upper unconfined aquifer 
======================================= 
To estimate the gravitational effect induced by a 

small variation of the water table (e.g. 0.07 m water-level 
variation), we have to consider the three kinds of regimes 
defined according to the theory of the capillary pressure in 
porous media. 

In a porous medium the theory of capillary pressure is the 
hydrostatics of two immiscible fluids or phases that can exist 
simultaneously. 

Experimental investigations have shown (Versluys 1917, 1931) that 
there are three general t.ypes of occurence of one of the two pha
ses, or n~gimes of saturation with that phase (Scheidegger, 1963). 
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Saturation regime 
with one phase. 

the porous medium is completely saturated 

- Pendular regime: the porous medium hiis the lowest possible 
saturation with one phase. This phase occurs in the form of 
pendular bodies that do not touch each other so that there is 
no possibility of flow of that phase. 

Funicular regime : an intermediate saturation with both phases 
is exhibited by the porous medium. If the penduliir bodies of 
the pendular regime expand through addition of the correspon
ding fluid, they eventually become so large that they touch 
each other and merge. The result is a continuous network of 
both phases across the porous medium. It is thus possible that 
simultaneous flow of both phases occurs along what must be very 
tortuous funicular pat.hs. 

In an unconfined aquifer, the zone above the water table is 
also divided into three zones corresponding to the three regimes, 
called "capillary zones" (De Beer, 1956, Grondmechanica, dee] I). 
The saturated zone is the continuous Ciipillary water zone or 
capillary fringe. Although some authors call the thickness of the 
capillary fringe and of the funicular zom~, the cnpi1 lary height, 
without noticing it (Zjoukovsky, 1920, Polubarinova-KocMna, 
1962), we keep the individuality of the three zones 

the saturati_Q!! ~~ne, rising 
fringe thickness. 

up to the height he capi 11 ary 

- t.he part extending above that fringe is the zone in which the 
regime is funic:!:!J.ar, with a thickness hf and in which satura
tion pressure diminishes down to a minimum value in the I~~!!= 
dular part with height hp. 

At the ROB, a small increase hwt of the water table 
doesn't mean the change of the dry regime into a saturated regime 
as we could think H a priori : in fact, it is the replacing of a 
funicular zone part by a saturated regime and the replacing of a 
pendular zone part by a funicular regime (cf. fig 3.2). 

The theories about water attraction usually don't take ac
count of those three zones; e.g. according to Goodkind (1986) "an 
infinite slab of water in material of 10 % porosity produces an 
attraction of 4.2 ~Gal per meter of thickness": this assertion 
means that thP. gravitational effect is induced by a quite sa
turated soil slab t.aking the place of a quite dry soil slab. We 
think that those approximations are not available if the water
lP.vP.] variations are small variations (e.g. 0.07 m) such as in 
the uppP.r well at the ROB. 
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It must be noticed that the regimes changes produced by 
water-level increase or decrease are not reversi_ble phenomena (De 
Beer, 1954, 1956). Nevertheless, we consider the approximntion of 
n linear reversible distribution of the soil moisture content as 
a function of the water height above the phreatic level on 
account of the small effect calculated a posteriori on g, we 
think it is not necessary to consider a more complicated 
di stri buti on. 

2.2.5. Schematic configuration 
======================= 
We define the various notations and we deduce some 

expressions that will be introduced in our further theoretical 
developments. The geometrical schematic configuration of the set 
of strata can be seen on the !~~ 3.3 that also shows the 
initial state i (before change of the aquifer water-level) and 
the final state F (after change of the a~Iifer water-level). 

(bj)i 

(bj)p 

l~zjj 

Xj 

n 

thickness of the jth layer at the initial state 

thickness of the jth layer at the final state 

expansion nlong z of the jth layer 

unH expansion of the jth layer 

~zj 
xj = (3.4) 

(bj)i 

(bj)F = (bj)i + I ~zj I 
= (bj)i + Xj (bj)i 

(bj)p = (bj)i (1 + Xj) (3.5) 

vertical coordinate of the land surface from the bed
rock, at the initial and final state. 

number of layers 

vertical coordinate of the top of the last layer 
(phreatic aquifer) 

capillary water height, of saturation zone 

fnnir:ular zone height 

pendular zone height 
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(zs)i = (zn)i + (hc)i + (ht)i + (hp)i 
(zs)F = (7.n)F + (hc)F + (ht)F + (hp)F 

n 
Cznh = ~ (bj )i 

j=l 

n 
(zn)p = ~ (bj)i (1 + Xj) + Lihwr 

j=l 

(hc)p = (hch 

(ht)p = (ht h 

The total expansion of the land surface (~z( is defined as 

l~zl= (zs)F - (zs)i 

By (3.4), (3.6) to (3.11), (3.12) finally becomes 

n 
I ~z I = ~ I ~ zj I , 

j=l 

that is the sum of the expansion of all the strata. 

2.2.6. Volumic mass 
============ 

(3.6) 

(3.7) 

(3.8) 

(3.9) 

(3.10) 

(3.11) 

(3.12) 

(3.13) 

We establish the expressions of a stratum volumic 
mass also called density [ML-3] at the initial state (Pi) and at 
the final state (Pp) 

The unit weighty [MI.-2 T-2) is defined as Y= pg. We use 
the notations: 

Yk = unit weight of material without voids 
Yw = unit weight of water 

At the initinl state (before expansion), the weight of a 
layer with section n, height b is 

p = n b [ ( 1-0o ) y k + 0o y w] (3.14) 



At the final state, after a soil expansion X , the water 
quantity in an unit section column has vnried of : 

h( 1 +X) - ( 1 - 00 ) b = b C0o +X) {3.15) 

The final weight is then, by (3.14) and (3.15) 

P +dP = S!b [1-00 )Yk + C0o +X) Yw] {3.16) 

Since 

Yk Yw 
P i = ( 1 -0o ) - + 0o ( 3 . 17) 

g g 

we deduce from (3.14) and (3.16) 

Yk Yw 
(1-0o) - + 

g g 
C0o +X) 

Pp = --------------------------
1 +X 

3. Unconfined aquifer contribution to attraction 

{3.18) 

We study the effect on g of nn unconfined aquifer with 
infinite extent and also with a radius of l km to 3 km, like at 
ROB. 

Since we keep the individuality of the three zones he, ht, hp, 
ahove the water tahle, we have to estimate the funicular and 
pendular zones contributions {§ 3.1) because the water contents 
i.n those zones can be modified. Moreover, in the saturated part 
with thickness bn, although no density variation occurs, the 
soi 1 expansion and the total displacement of all the layers 
induce an att.raction variat.ion : this contribution is studied in 
the § 3.2. We deduce the complete contribution of an unconfined 
aquUer in the § 3.3., i.e. the contribution oE the Ermiculi'Jr, 
pendular and saturated zones. 

3.1. Cont.ri.bution of the funicular and pendular layer 

3.1.1. Layer of finite extent 
--------------------------------------------
For a linear distribution, the unit weight 

variation as a function of the height, with ~hwr < he, is repre
sented on the fig 3.4. We divide the funicular zone into m 
substrata with thickness b1 = ht/m ~ ~hwr (fig 3.5). 
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z1 is the ordinate of the upper boundary of a substratum 1. 
b1 is the thickness of a subst.ratum 1. 
Y1 is the unit weight of a substratum 1. 

At the initial state, the depth of a substratum is (z 6 )i - (zl -
b1 /2), which means the depth at ha 1 f-stratum. The fina 1 state h:; 
characterized by the replacing of the substratum 1 by the under
substratum 1-1, with unit weight Y1-1 > Y1· 

With our notations, (At + p, I) i is the attraction of the 
substratum 1 in the funicular and pendu]ar zone at the initial 
state and (At + p, 1 )p is the attraction of the substratum 1 at 
the final state. The contribution of the substratum 
attraction is then 

11 At + p, 1 = (At + p. 1 )p - (At + p. 1 )i 

11At + p,1 = 11hwr ( Y1 -1 - Y 1) {ib 
g 

with {i~}, the influence factor that is 

{ib = { 1 -

(zs)i - Cz1 - Q!) 
2 

} 
~ R2 + [(zsh - (zl -.b.l)J 2 

2 

1 to thP 

(3 .1 9) 

(3.20) 

(3.21) 

The complete contribution of the funicular and pendular zones is: 

n 
11 At + p = 11 hwr ~ ( Y1-1 -Yl) {i~} (3.22) 

g 1=1 
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3.1.2. Layer of infinite extent 
------------------------------------------------
If the aquifer is of infinite extent, we obtain 

.1 At + p = 
g 

m 
Llhwr l: ( YI-1 -YI) 

1=1 
(3.23) 

We draw the diagrams 3.4 and 3.5 with the values of all the 
parameters for the borehole at the ROB. We have first to evaluate 
the porosity {by using (2.59) and (2.60)}. We then determine the 
unit weight n in the capillary fringe he, we estimate the unit 
weight YP in the pendular zone hp by taking into account the 
water content distribution suggested by De Beer (1949) and we 
deduce the unit weight Yt in the funicular zone ht. We obtain 

00 = 0.3939, Yn = 19.613 kN m-3, Yp = 16.534 kN m-3 

The diagrams are drawn in the figure 3.6. 

-If the aquifer is of infinite extent, applying (3.23), we 
obtain : 

. during the interval I1, for a 0.07 m water table rise 

LlAt + p = + 921.446 nanogal (3.24) 

. during the interval I2, for a 0.10 m decline, 

LlAt + p = - 1316.351 nanogal 

If the radius of the aquifer is R = 1 km, the attraction is 
obtained by calculating the expressions (3.20) and (3.21) for 
each substratum 1 (1 = 1,12). The values of the influence 
factors {i~} and of the attractions .1 At + p, 1 are given in 
the table 3.1 

The attraction variation effect is 

during I1 : .1At + p = 
during I2 : LlAt + p = 

32 

8<:)0.563 nanogal 
- 1272.233 nanogal 

(3.25) 



We also calculate the contribution of an aquifer with radius R 
= 2 km, 3 km and 4 km (DH, 88). The contributions of all the 
strata are identical to the tenth of nanogal (cf t_abl~ 3.2) 
with respect to the actual precision of the gravimeter 
registrations, we can conclude that the differentiation of each 
of the substrata by the taking into account of their depth may 
be neglected. 

3.2. Contribution of the saturated part of the unconfined 

aquifer 

3.2.1. Approximation 
-..-.------------------------
We first suppose that Bouguer's formuln (1.1) 

written for a thin stratum is valid for a finite thickness layer; 
we also suppose that the stratum j mass is concentrated at the 
half-stratum. 

At the initial state, the attraction of the stratum j is 

(3.26) 

with Pi defined by (3.17) and {i~}, influence factor of the 
stratum j defined as : 

{i~h = { 1 -

(zs)i - (Zj - Qj) 
2 

1 R2 + [(z8 )i - (Zj -Qj)] 2 

2 

} (3.27) 

At the final state, p F is defined by (3.18). Taking into account 
the displacements of all the strata, we obtain the expressions of 
the attraction of the stratum j, at the final state : 

g g 

with {i~}p, defined as 

n 
~ hj Xj + (z 8 )i - (zj)i + i!?J.h (1 - Xj) 

j=l 2 
{1 - ---------------------} 

h,+ [ ~ hj Xj + (zsh - (Zj)i + C!uh (l- Xj) ] 2 

j=l 2 

(3.29) 
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The contribution of the strahm1 j 1 s then 

(3.30) 

with (Aj)F definerl by (3.28) and (3.29) and (Aj)i defined by 
( 3 . 26) and ( 3 . 27) . 

The saturated part of the unconfined aquifer at the ROB, if 
the water table rises of 0.07 m , has a contribution 

<1 A6 = 0. 532 nanogal (3.31) 

3.2.2. Numerical integration 
------------------------------------------
We calculate the contribution of the stratum by 

dividing it into m substrata 1 (1 = l, m) (cf fig 3.7) and hy 
ndding the contribution of each snbstratum. 

The attrnction of the suhstratum 1 belonging to the stratum 
j, at the initial state is 

(bj)i 
(Aj, 1h = 2'1T G Pi {i~}i (3.32) 

with 

m 

(m - I + ~)(bJ)i ] 

m 
-------------------------------------- } 

and Pi defined by (3.17) 

(m- 1 + ~)(bj)i ] 
---}2 

m 

(3.33) 

At the final state, taking into account the distances variations 
and the expansions, we obtain 

(Aj, l)F = 2'1T G [(t - 0o) 
Yk Yw 

+ (00 + Xj>-
g g 

(3.34) 
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with {i~}p = 

n 
I (bj)i Xj + (z 5 )i - (Zj)i + (bJli [m- l + ~ (1 - Xj)] 

j=l m 

{l - ~=======================================l} 
j R2 + {~ [m- 1 + ~ (l - Xj)]}2 

j=l 

(3.35) 

The contribution of the substratum 1 (substratum of the stratum 
j) is obtained by 

from (3.32), (3.33), (3.34) and (3.35) 
The total attraction of the stratum j is 

m 
.1 Aj = ~ .1 Aj • 1 

1=1 

(3.36) 

(3.37) 

We subdivide the saturated part of the unconfined aquifer 
with thickness ~ 12.80 m in m substrata, with m varying from 2 to 
100 and we calculate .1Aj. With R = 1000 m, with m = 13, i.e. the 
thickness of each substratum equals 1 meter, the influence fac
t.ors {i~h and {i~}F only differ at 10-8. We find for j = 6 
and 1 = 12 

.1A6,12 = 0.037600 nanogal. (3.38) 

On the other hand, if we neglect the depth variation of the 
substratum 1 induced by the expansion, i.e. if we put 

we find a contribution 

.1A6,12 = 0.041787 nanogal (1.40) 
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i.e. n difference of 10%; for the ROB unconfined aquifer, we 
cone 1 ude thnt we mny neg1 ect the depth vnrint.i on of each 
substratum since that effect of vnriation is only of 4 10-3 
nanogn 1, which hns no significance. 

Thus, the contribution of the substrata 1 can be calculated by 
npplying (3.37), (3.32) nnd (3.34) but by considering the 
substrata depths to be constants, j .e. applying (3.39). The 
formulas nre then 

Yw 
Aj,l = 2ff G (Xj ) 

g m 

wHh 

(m - 1 + 

= {1 -

. I} 
{lR (3.41) 

(m - 1 + ~)(bj)i ---]}2 
m 

(3.42) 

The total contribution .1 A6 of the saturated part obtained by 
adding the partial contributions of the substrata is 

.1A6 = 0.540 nanogal (3.43) 

It must be noticed that this result only differs of 8 10-3 
nnnogal from the contribution obtained by (3.31) without 
numeri ca 1 integration. 

For the borehole at ROB, we cnn conclude that the expression 
(1.1) established by Bouguer for a thin layer can be applied to a 
finite thickness layer. The expressions (3.41) and (3.42) we 
propose are the generalization of Bouguer's formula in which we 
take into account the 1 and surface cH spl acement. and the 
expansions or compressions of the layers. 

3.2.3. Unconfined aquifer of infinite extent 
--------------------------------------------------------------------------
If R -> ro, the influence factors (3.27) and 

(3.29) npproach 1 and the contribution becomes 

Yw 
.1 Aj = 2ff G X j (3.44) 

g 
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expression also obtained by adding the substrabi 1 contributions 
calculated with (3.32) and (3.34). We obtain at the ROB 

.1 A6 = 0. 563 nanogal, (3.45) 

i.e. 2 10-2 nanogal more than the contri.but.i.on obtained by (3.43) 
with R = 1000 m. The difference between the contribution cal
culated for the saturated part considered to be infinite and thP. 
contribution calculated if R = 1000 m is not significant at 
ROB, the approximation of an infinite extP-nt of the saturated 
part of the upper aquifer is then sufficient.. 

3.3. CompJetP- contribution of the unconfined aquifer 

The complete contribution of the unconfined aquifer is 
obtained by adding the contribution of the funicular and pendular 
zone At + p and the contributJ on of the saturated part A6. It 
is given in the table ~~~· 

At the ROB, the attraction contribution of the unconfined aqui
fer, if the radius equals 1 km, during the I1 time interval 
equals 891.103 nanogal and - 1273.004 nanogal during the I2 time 
interval. We must notice that the contribution calculated accor
ding to our method is 20% smaller than the effect usually 
estimated by other authors applying the classical Bouguer's ex
pression (3.1) without taking into account the three zones. We 
can remark that. the saturated part only has a very weak contri
bution, as we are going to see it. for the other undP-rlayers. 

4. Contribution of the saturated (neither aquifer nor aquitard) 

The water table variations induce expansions or compressions 
of each underlayer by transfer of the effP.ctive stress variation. 
At the ROB, we obtain, during I1, a contribution of the Forest 
sand bed by applying (3.44) 

dA5 = 0.628 nanogal (3.46) 

5. Contribution of a confining aquitard layer 

We can apply the expressions of the § 2 to estimate the 
attraction effect of an aquitard that responds to : 

- the water table variations, 
the pressure heads variations in the adjacent aquifers that 
are the boundary conditions. The various contributions are 
given in the table 3.3 obtained by (3.44). 
At long term, the various contributions only reach an ampli
tude of the nanogal. 
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6. Contdbution of a confined aquifer layer 

6.1. Finite extent aquifer 
------------------------------------------
The process to establish the various formulas is 

identical to that developed in the § 3.2 but an additional 
contribution appears due to the water compressibility (that 
compressibi Uty (3 is taken into account in the storage 
coefficient and the specific storage defined for a confined 
nquifer). 

For a stratum j, divided into m substrata 1, we write the expres
sions of : 

-the attraction of the substratum 1, at the initial state 

(Aj, 1 )i = 2'1T G 
(bj)i 

Pi {i~}i (3.47) 
m 

with {ik}i defined by (3.32) and Pi defined by (3.17) 

-the attraction of the substratum 1, at the final state 

(bj)i Yk Yw 
(Aj,l)p = 2'1T G {(l - 0o) + C0o +X j) -+ 

m g g 

(1 +Xj)} {iih 
(3.48a) 

t1Pw 

with { i~}p defined by (3.35) and t1pw = p2w f3g t1 h. (3.48b) 

The contribution of the substratum 1 is then 

(3.49) 

The complete contribut.ion of the confined layer j is obtained by 

m 
t1Aj = :E t1Aj, 1 

1=1 
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6.2. Infinite extent aquifer 

The contribution to the attraction of the aquifer layer 
is obtained from (3.50), in which R -> m : 

Yw 
+ .1 Pw (1 +Xj)] (3.51) 

g 

At the ROB, we calculate the attraction contrihuUons for j = 3 
and j = 1, for the tuf and for the bedrock aquifers (see table 
3.3). The numerical results show that the effect of the water 
compressibility in the intermediate aquifer (j = 3) represents 57 
% of the expansion effect. In the bedrock aquifer, the water com
pressibility is six times larger than those induced hy the expan
sion of the bed. That water compressibility effect can not he 
neglected. But the total effect is nevertheless very weak (nano
gal or tenth of nanogal). 
The maximum amplitude pumping (- 0.07 m) in the tuf aquifer 
induces an effect 

<1A3 =- 0.396 nanogal, 

and in the bedrock aquifer, the largest pumping only induces 

<1A1 = - 0.658 nanogal 

7. Contribution of the rigid part of the bedrock 

At the ROB, the rigid bedrock part can he consicJered to be of 
infinite extent and thus it doesn't contribute to the attraction 
effect. However, if a bedrock is of finite dimension, it will 
contribute to the attraction on ar.count of it.s depth variations 
resulting from the expansions and r.ompressions of the overlying 
beds. In order to verify the amplitude of that gravitational 
effect, we deduce expressions allowing to calculate that effect 
and we perform some numerical estimations. 

The depth variation c5 (at half-stratum) of a substratum s 
with radius R, thickness b6 (with ~ b5 = bj and j = o which 
corresponds to the bedrock part that insn't aquifer) (cf. fig~ 
~~!D induces an attraction contribution given by : 

.1 Aj = 2'1T G P j bs [{iR}p - {iR}iJ (3.52) 

with 
Cs 

{iRh = { 1 - } (3.53) 
~ R2 + Cs 2 
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and 

= { 1 -
Cs + l 5 z l 

-;=======-} 
~R2 + (cs + ( 5z()2 

(1.54) 

From our numerical estimntions (DH, 88), we conclude that the 
contributinns are weak. For instance, down to 500 m depth and 
with R = 10 km, the effect equals 10-2 to 10-1 nanogal. We must 
however notice that the bedrock contribution is opposed to the 
contribution of the other layers. 

8. Total attraction variation effects. 

The attraction varintions effects for the time intervals Ii 
(i = 1,5) are given in the table~~ and 4.2 (next chapter). We 
calculate them by considering : 

- (1) the set of t.he three aquifers and the responses of all 
the underlayers to water table and pressure heads varia
tions (i.e. in the whole aqu:ifer system). 

- (2) the water table variations only and the transfer of the 
effective stress variat.ions due to those variations to 
each underlayer. 

- (3) the water table variations only. 

The results deduced according to (l), (2) and (3) are s"Lmi
lar. Except for the contribution of the water table variations 
which is the main perturbing effect, the contribution of the 
other underlayers are indeed very small. 

9. Conclusion 

We proposed a method to estimate the attraction variation 
effect induced by water-levels Vflriations of various kinds of 
aquifers (unconfined and confined ones) taking into account all 
the underlayers, the displacement of the land surface, the expan
sions and compressions of each layer and the various regimes in 
the aquifers. Our formulas are refinements with respect to the 
other authors who only calculate the attraction effect of any 
infinite saturated layer. We think those refinements are needed 
on account of the precision of the gravimeter registrations. 

40 



CHAPTER 4. THE TOTAL EFFECT ON GRAVITY OF THE WATER-LEVELS VARIA-
======== TIONS 

The "hydrogeological perturbing effects" (land surface dis-

placement and attraction variations effects) during the time 

intervals Ii (i = 1,5) are given in the tables 4.1 and 4.2, 

obtained taking into account all the layers of the aquifer sy-

stem (1), the water table variations including their transfer to 

the underlayers (2) and the water table vnriat.ions only (3). 

The largest pressure heads declines during pumping in the 

intermediate well (-0.07 m) and in the deep well (-0.11 m) induce 

4.602 nanogal and 1.184 nanogal respectively. 

By using the tidal water-level responses models we show that 

the tidal oscillations induce less than 0.3 nanogal (DH, 1988). 

The water-levels variations in the intermediate and deep 

aquifers (at long term, at short term and tidal ones) are only 

inducing negligible perturbing effects on the superconducting 

gravimeter registrations but the effect of the water table drift 

is at the limit of the actual precision of the superconducting 

gravimeter registrations. 
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CHAPTER 5. EARTH TIDES IN THE WELLS 

------------------
1. Introduct.ion 

We study the barometric responses and the tidal responses 
of the water-levels. We use those responses to estimate the in 
situ parameters of t.he layers. 

2. Barometric responses at short term 

The figur~ 5.1 displays the response of the three wells 
to a sudden atmospheric pressure decrease with a 4.7 mbar ampli
tude, recorded rluring a thnnrlerstorm (-July, the 11th 1984). We 
observed : 

- a 48 mm increase of the water table, 
-a 9 mm pressure hearl increase in the intermediate well and 
-a 19 mm pressure hearl increase in the rleepest. well. 

Moreover, we notice that, at the ROB, the water table is instan
taneously and faithfully reflecting the at.mospheric pressure 
variations. This response differs from the water table barometric 
fluctuations descdbed by Weeks (1979). In Brussels, the lmcon
fined aquifer is a barometer : it can be seen on the .figure ~~· 

On the other hand, the water-levels in the two confined aquifers 
are responding with atmospheric signal disturbances and with lags 
of about 1.5 hand 0.6 h, respectively in the tuf and in the 
bedrock. 

Water table response 
----------------------------------------
We write t.he barometric water table response dbwt as (see 

figures 5.3~ and ~;2Q2. 

bwt 
dbwt = Epa ' (5.1) 

in which hwt is the unconf:ined aquifer thickness, 00 the volume 
porosity and Epa the cubic dilatation of the aquHer induced by 
the dpa atmospheric pressure variation. 
(5.1) shows that the water table variation is larger with a 
thicker aquifer and a smaller porosity. 
Since the atmospheric loading is vertical, we can write 

JEpaJ = (5.2) 
bwt 
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wHh 1 ~z 1, the compaction (or t.he expansion) of the aquifer. 
For an uniform circular load, I Sz I may be calculated by 
applying the Egorov's theory (195S); if we introduce the Young 
modulus Eyoung and the Poisson coefficient vp, we obtain: 

= (5.3) 
Eyoung 

We introduce for Eyoung 574 MPa (5.4), value we deduce from the 
value 1000 of C* or A* we have retaim~d for weak loarlings (cf 
chapter 2). From Warburton & Goodkind (1978), the waves frequen
cies in atmospheric pressure cells are depending on the extent of 
those air masses. Applying their conclusions, we estimate that 
the atmospheric perturbation radius R is between 1 0 anrl 1.~ km. 
WHh dpa = 4.7 mbar, R = 12.5 km, vp = 0.27 and 00 = 0.3939 (DH 
88), we calculate the water table increase : 

ldbwtjcalculated = 48.2 mm, (5.5) 

which is corresponding with the observed value of 48 mm. 
This result means that the Eyoung value (5.4) is realistic: this 
confirms the approaches we followed to estimate the layer 
parameters by using soil mechanics considerations (chapter 2). 
Thus, the water table response to the atmospheric pressure varia
tions allows to determine the Young modulus (or another elastici
ty parameter), if the Poisson coefficient vp and the porosity 
0o are known. 

. Intermediate and deep pressure heads responses 
============================================== 
We use the observed barometric short term responses of 

the intermediate and deep water-levels (see figure 5.1) to 
deduce an approach of a rheological model for each of those two 
wells (DH 88). We consider the wells as Kelvin bodies (Melchior, 
1972); the water-level h(t) in the well responds to the atmos
pheric pressure variation Pa (t) (with Pa (t) = 0 :if t ~ 0 and 
Pa (t)= Pa if t > 0) according to 

h(t) = hn (1-e -t/Tr) (5.6) 

with h(t) = 0 if t = 0 , h(t) = hn if t = ro. Tr is the retarda
tion time (Melchior, 1972). 

The water-levels h(t) verify the following responses (h(t) in mm 
of water) : 

h(t) = 9 (1-e-t/1368), (5.7) 
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1n the tuf well-aquifer system and 

h(t) = 18.6 ( 1 - e -t/960), (5.8) 

in the bedror:k well-aquifer system. 

3. Barometric: Efficiency (BE) and Tidal Efficiency (TE) 

In hydrogeology, the Barometric Efficiency (BE) is tra
ditjonally defined by the following expressions (see figure 5.4): 

pg dH 
BE=--- (5.9) 

where dH is the water-level variation in the well and dpa is the 
atmospheric pressure variation (e.g. Walton, 1970) and 

1 
BE = (,Jacob, 1950). (5.10) 

a 
+1 

With the two confined aquifers parameters values that we have 
estimat.ed on the basis of rock and soil mechanics (DH, 88), we 
calculate the theoretical barometric efficiencies !BE!theor 
defined by (5.10) and compare them with the observed values 
IBEjoba : the results are given in the tabl~ 5.8. The observed 
values IBEioba are in agreement with the theoretical values. 

Introducing (5.10) into the expression (5.7), we obtain 

- 1 

= (5 .11) 
BE 0o f3 P g 

an expression which allows to express the barometric efficiency 
as a function of the specific storage S5 and of the. porosity 
00 • We use (5.11) to estimate the S5 and 00 values from the 
barometric response and the well tides. 
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4. Earth tidal observations in the wells 

4.1. Historical note 

The first observations of periodic water-levels changes go 
back to antiquit.y : Pliny in his "Historia natura lis" and in his 
Jetter to Licinius described observed tides in some wells in 
Spain and in Italy. 

Arago (1840) studied tides in the artesian we11s. Grab1owHz 
(1880) attributed the fluctuations to the dilatation produced by 
the tide. 

Young (1 913), Michelson & Gale (1919), Theis (1938), Robin-
son (1939), Lambert (1940), Pekeris (1940), reported on 
water-level fluctuations which were of a tidal nature ... 

Melchior & 
(1964) discussed 
Basecles. 

Gulinck (1956) and Melchior, 
Earth tides in the wells 

Sterling & 
at Turnhout 

Wery 
and 

As the theoretical tidal dilatation is everywhere the same 
one, the water-level variation should have to be the same one 
too. This is in contradiction with the various observed amplitu
des : the explanation, given by Bredehoeft (1967), is that the 
amplitudes depend on the aquifer parameters : it is the beginning 
of the connection of Earth tides to Hydrogeology. Since 1967, the 
reports on Earth tides in wells are always more numerous (Ster
ling & Smets, 1971, Robinson & Bell, 1971, ... ). 

At the ROB continuously since 1Q84, we have the opportunity 
to study the tides in two aquifers in the same borehole. 

4. 2. Tides in t.he wells at the ROB 

Periodic water-levels fluctuations are continuously recorded 
in the intermediate and the deepest wells. Moreover, the water 
table doesn't show any tidal oscillations. The figure 5.5 shows 
water-level registrations in the deep well. In that well, 
periodic oscillations of about 5 em amplitude are registered 
while in the intermediate well, the amplitude of the water-level 
fluctuations is only of about 1 em. These oscillations in the 
intermediate well and in the deep well are represented at the 
same scale on the figure 5.6. 

5. Tidal analyses of the water-levels at the ROB 

5.1. Experimental results 

The hourly observations data, converted into the standard 
format (Ducarme, 1975, J 978) used hy TCET, are smoothen t.o e ]j mi
nate the pumpings . We use the classical Venedikov filters method 
(Venedikov, 1966 a, b) to separate the diurnal , semi-diurnal and 
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ter-diurnal waves before we determine the amplitude and the phase 
of the main waves by the 1enst squares method. We remove the 
barometric effects by using the impulse responses (cf 1.!!bl~ _!..:....:!_, 
chapter 1). 

The tables 5.1a and 5.1b show the results of the tidal --- ---
analysis performed for the water table, for the intermediate and 
deep wells, before and after having removed the barometric 
effect. The amplitudes and the mean square errors are expressed 
in mm. The results deduced from this complete set of data are 
similar to those deduced from the analyses previously performed 
on the three sets of data covering respectively one year, twenty 
and thirty four months (Delcourt-Honorez, 1986a,b, 1989a). We 
summarize them : 

- The atmospheric pressure corrections drastical1y reduce the 
mean square errors of 30 %. 

-No tidal oscillation is observed in the water table; in that 
water-level, S2 has an atmospheric origin. 

-The observed oscillations :in the fluid pressure of the two 
confined aquifers are due to Earth tides phenomena, according 
to the two criteria proposed by Melchior (1956): the phases are 
about 180° and the amplitude ratios agree with the theoretical 
ones. 

5. 2. Stability of the amplitudes and phases 

We test the stability of the results hy subdividing the 
total data set in nine sub-sets, each covering a six months time 
interval. The tables 5.2 and 5.3 show for the two confined ---- -----
wells the amplitude and phase of the main tidal waves for the 
analyses performed after having applied the atmospheric pres
sure correction. The various waves are stable and show only a 
slight variation in amplitude and phase from a sub-set to another 
one. The amplitude ratios for the deep aquifer are very stable. 

Seasonal variations 

The equilibrium tidal theory predicts no seasonal variation 
of the various waves in the water-levels. Nevertheless, since a 
54 months data set is now available, we look for seasonal 
variation as it is investigated by the meteorologists for the 
barometric tides. 
Let us remember the conventional meteorological seasons (cf DH, 
1986c), noted as D, E, J andY, which are respectively defined 
as : 

D mont.hs November - December - January - February 
E months March- April -September- October (centered on the 

Equinoxes) 
J months May - June - cluly - August 
Y - a whole year. 
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To determine the seasonal variations, we subdivide the whole data 
set into sub-sets covering those conventional seasons. It 
conducts to average each of the following waves : M2, N2, 01 and 
the S2 K2 and P1 S1 K1 groups. The tables 5.4a and 5.4b show for 
the two confined wells the amplitude (in mm")and phaseof those 
main tidal waves for the analyses performed before and after 
having applied the atmospheric pressure correction for the D - J 
- E seasons. For the yearly series, we only give in the tables 
S.Sa and S.Sb the results of the analyses performed after--the 
barometric effect correction. The amplitudes ratios are also 
given in the tables 5.4a, b and S.Sa and b. 
We also analyse the same conventional atmospheric pressure data 
sub-sets and for the same time interval as the registrations of 
the water-levels (i.e. from 84/06/01 to 88/12/02); indeed some 
seasonal variations have been detected in Brussels (DH, 1986c). 
The results are given in the table 5.6 with the classical no
tation M2 used in Earth tides analysis instP.ad of the L2 as noted 
by the meteorologists. 

In the intermediate well, the barometric effP.ct correction 
is the largest on the M2, N2 and 01 waves during the D - season : 
that corresponds to the maximum amplitude of the atmospheric 
pressure variations during that season too. For those waves M2, 
N2 and 01 WP. deduce a slight systematic vnriation in amplitude 
through the D- J -E seasons (see figure :2.7a) but S2 K2 and P1 
Sl K1 don't vary in thP. same manner. The M2 barometric wave shows 
the same varintion in amplitude as the M2 amplitude in the wnter
level. 
In the water-levP.l, the M2 phase doesn't vary through the seasons 
but the phases of N2, 01 , S2 K2 and P1 S1 K1 show some variations 
(see figure 5.7b). 
From the analyses performed on a yearly basis, we can also detect 
for the various waves small variations and thus in the amplitudes 
rat.ios too. 

In the deepest well, the amplitude and phases are very 
stable. As for the intermediate well, we can also notice that the 
barometric effect correction is the greatest on M2, N2 and 01 
during the D - season during which those waves are the most 
perturbed. 
The various waves and the amplitudes ratios are very stable from 
year to year. 

At the ROB, the water-levels registrations are the most 
perturbed during the D - season i.e. in the winter. The 
registered noise seasonally varies, with a larger perturbing 
effect in the intermediate water-level than in the deep one : it 
is due to the smaller waves amplitudes detected in that 
intermediate well. According to our results, it is thus more con
venient to get large amplitude tides in water-levels to be used 
for the a qui fer parameters estimations. NeVf~rthe I ess, at the ROB, 
for the intermediate water-level, we are studying the effect of 
this slight seasonal variations on the in situ parameters values: 
preliminary results show that the values Jie in the same range of 
magnitude as that deduced from the whole data set. 
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5.3. Disr:nssion of the amplitudes 

In response to the Earth tides, the water-level variations 
in an unconfined aquifer is given by (Bredehoeft, 1967) : 

dH = bwt (5.12) 
0o 

in which Et is the cubic dilatation due to the Earth tide, bwt 
is the unconfined aquifer thickness, and 00 is the porosity. 
To show a tidal response, the aquifer should thus be thick and of 
low porosity. In Brussels, with 00 = 39 % and bwt = 13.50 m, 
we calulate the water-level variation by (5.12); we obtain an 
undetectable variation 

dH = - 3.43 10-4 mm 

From the results of the analyses in the table (5.1b), we can 
deduce that t.he amplitudes of the tidal waves are larger in the 
deepest well in the aquifer of the bedrock than in the interme
diate we] 1 in the tuf of Uncent, what we had seen on the raw 
registrat.ions. This is due to the elastic and hydrogeological 
properties of the t.wo aquifer ] ayers (the values of the parame
ters of these layers are summarized in the _:table 5.7). The poro
sity 0o of the tuf of Li.ncent is of 33 '% while the porosity of 
the bedrock is 9 % : these two different values explain the 
lnrger amplitude for the tides in the aquifer in the bedrock; 
indeed, nccording to e.g. Bredehoeft. (1967), Morland et al. 
(1984), a decrease in the porosity value increases the amplitude. 
Moreover thA bedrock permeability ko (ko = 4.44 10-5 ms-1) is 
greater than the tuf permeability ( ko = 2.37 10-5 ms-1): this 
also induces, according to Morland et al. (1984) a larger ampli
tude in the deep well. 
On the other hand, Melchior et al. (1964) have concluded that an 
increase in the depth increases the amplitude, which is also 
confirmed with our observations. 

To compare the amplitudes values with those in other sta
tions, the M2 wave nmplit.ude is reduced to the equator (Melchior 
et at., 1964). For the intermediate well, we obtain 1.86 mm 
and for the deep well, 13.44 mm. 
Compared to other stations (Melchior, 1983), these amplitudes 
seem to he somewhat ]ow but, as we shall see, they are neverthe
less justified by the specific stor11ge S5 values (cf expression 
((5.38),§ 7). 

5.4. Discussion of the phase logs 

A phase lag of 11bout one hour (cf table 5.1:Q) is observed 
between the maximum of gravity and the maximum of the water
level in the wells. We study this "inelastic response" (cf § 7). 
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6. Tidal Efficiency 

A Tidal Efficiency TE may be defined by 

a 

0o 13 
TE = (5.13) 

a 
+ 1 

0o 13 

usually characterizing in hydrogeology (e.g. cJacob, 1950, Wal
ton, 1970) the effect of rivers, lakes levels changes on the well 
but that expression is also valid for the elastic Earth tidal 
well response. 

The Tj da 1 Effic:i ency TE and the Barometric Efficiency BE are 
thus related by the simple relation. 

jBE! + !TEj = 1 (5.14) 

We calculate, for the two confined wells of the ROB, the theore
tical tidal efficiency !TE!theo and also deduce jTEjobs from 
the observations (cf table 5.8). 

The observed values of the Tidal Efficiency are in agreement with 
but lower than the theoretical values. This means that the waves 
amplitudes are attenuated. 

7. Interpretation of the results of the analyses 

7 .1. Est.imation of the permeability and the specific storage 
of the complex aquifer system 

To explain the water-level responses in the intermediate 
and deep wells, we make some numerical explorations. 

The observed phase lag!'> of one hour (cf table ~lb) asso
ciated with the amplitude attenuation show that an elast.ic theory 
doesn•t perfectly describe the behaviour of the wells. 

The phase lags cannot be ascribed to the "Nivocaps" trans
ducers. The three transducers are indeed similar and in the upper 
water table well, the registrations don't show any phase lag. 
Experimental observations in laboratory demonstrate that the 
nivocap doesn't distort t.he signal (Van Ruymbeke and Delcourt, 
1986). 
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We apply the water-levels inelastic response theories to 
Earth tides usually called the "dynamic prohlem" in hydrogeology. 

In response to a wave with a period Tp = 21Tfw ,the fluid 
pressure fluctuates according to the equation (cf figure .'5.8). 

p = p g (H + z) + Po sin wt (5.15) 

causing the water-level in the we11 to oscillate; this oscilla
tion is 

x2 = x0 sin ( w t - ~) (5.16) 

where ~ is the phase lag. 

The amplification factor A, according to Cooper et al. (1965), 
afterwards referred as C 65, is to be: "the ratio of the ampli
tude of the oscillation of the water-level in the well x0 to the 
amplitude h0 = p0 1 p g of the pressure head fluctuat.ion in the 
aquifer". Accordingly, we have 

Xo 
A = (5.17) 

To deduce the expression of A, we need the following parameters 
(C 65): 

3 
He = H + b (5.18) 

8 

(He is the effective height of the water column) 

in which 
defined by 
by T = knb 

wS 
]~ , (5. 19) 

T 

rw in the well radius, S is the storage coeff-icient 
(5.8), T is the aquifer transmissibility defined 

(5.20) 

g 
(l -

r2w 
w 

He 2 T 
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r~ g 
f3w = ker aw (.5.22) 

4 Ww T He 

In (5.21) and (5.22) , ker and kei are the Kelvin functions, real 
and imaginary parts of K0 Caw i~) which :is the modified Bessel 
function of the second kind of order zero. 

The amplification factor is found to be 

p gxo 'If r~ 4'1f2He 'lfra, 
= A = [(1 - kei aw - ) + ( ker aw )2 ]-!i 

Po .,.,p ·~g 'T'Tp 

(5.23) 

If the vertical oscillation of the well aquifer system is des
cribed by (cf figure 5.8). 

x1 = x ' 0 sin w t, (5.24) 

the water-level as recorded by an instrument moving with the land 
surface is then 

(5.25) 

with xz and x1 defined by (5.16) and (5.24). 

The amplification factor A': 

Xo 
A' = (5.26) 

X'o 

is as a function of A, with 

A' = A , (5.27) 

·~ g 

We deduce the observed amplification for t.he water-level measure: 

4'1f2He 
Aobserved = A (1 - ) (5.28) 

The phase lag is 
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CD = Atan 
2- 2 

W -W 
w 

in which ww and ~ware given by (5.21) and (5.22) 

(5.29) 

The expressions (5.23), (5.28) and (5.29) show that the water
level response in the well to a wave is depending on the wave 
period and on the well aquifer system parameters : well radius rw 
and effective height of the water column He transmissivity 
T and storage coeffi cifmt S of the aquifer. 

For tidal waves periods, we deduce from (5.28) 

pgxo Xo 

Aobserved = A = = (5.30) 
Po 

This expression is verified by the numerical values given in 
the tablf~ :'2_~. We may consequently calculate A by (5. 23) only. 
A and CD are written in the table 5. 9. 
Thus, the calculated phase lags are not in agreement with the 
observed phase lags . 

. We also apply the Morland and Donaldson's theory (1984); 
according to their study, we consider the parameter np given as 

k 
np = (5.31) 

in which ki is the intrinsic permeability ( ki = , with TJ 
pg 

the dynamical viscosity) and with 

-
k = (5.32) 

pgb 

That parameter np is re~1ired to lie in an approximated range 

0.04 ~ np ~ 0.2 (5.33) 

to obtain a one centimeter amplitude and a greater than 
eleven degree phase lag. 
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The validity of the condit.ion (5.33) is governed by a right 
combination of the aquifP.r parameters, the waves period and the 
radius of the well rw. To verify it for the two wells we should 
have 

- for the system "intermediate well - tuf of Uncent aquifer" 

0.27 m i rw i 0.60 m 

-for the system "deep well -bedrock aquifer" 

0.56 m i rw i 1.25 m 

Those two conditions are not realistic since the well radh1s 
value 1s 0.10 m. 

We look for other factors to explain the amplitude atteniia
tion and the phase lag : the inertial effect of the water in the 
aquifer and in the well and the "bore effective radius". 

- The inertial effect of the water in the aquifer may be neglec
ted if the condition (C 65) 

In « He (5.34) 
2b0o 

is verified ; r1 is the influence region radius. 

-The inertial effect of the water in the well may be neglected 
if the condition (C 65) 

Xo < --------- ker aw (5.35) 
10 f T He 

is verified ; f is the pipe friction. 

For the two confined wells of the ROB, the two conditions (5.34) 
and (5.35) are always verified (DH 88). Thus the inertial effect 
of the water in the r.tquifer and in the well are not responsible 
of the observed phase lags. 

We consider the effective radius effect in the following way : 
since, according to de Marsily (1981), "the well radius rw is 
not well defined, it is admitted that it exists for the bore
hole a "bore effective radius (re)" that is to be taken into 
account for the water-level interpretations and t.hat is some
what greater than the true well rndius rw ". We calculate A 
by (.'L23) and (1) by (5.29) for the two wells introducing in 
those expressions a set of re values larger and larger (cf ta
ble 5.10). 
To obtnin a (1) value in agreement with the observed om~, the 
required revalues an~ (cf :!::able 5.10) 
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-for the intermediate well, re = 0.53 m 
-for the deep well, re 2 0.60 m 

These values are not realistic since, according to hydrogeologi
cal considerations the effective radius is only 0.06 m to 0.10 m 
greater than the true well radius value (Huisman, 1972). 
These unrealistic large re values are moreover in agreement with 
the unrealistic large radius values we deduced from the theory of 
Morland et al. (1984). 

According to a recent investigation performed by Hsieh et 
al. (1987), to determine the aquifer transmissivity from Earth 
tides analysis, the expression of the phase lag is: 

2 
<1> = A tan (5.36) 

1 - kei aw 
2T 

It also leads to a too low phase lag value whjch doesn't corres
pond to the observations. 

All these theories are thus in good agreement with themsel
ves hut no theory allows to explain the observed phase lags. 

Looking for the permeabi.l i ty ko and speci fie 
values that could explain the observed phase lags, 
expn~ssion given by Gieske (1986) for the phase lag 

<1> ~ Atan 
2b ko 

storage S5 

we use the 

(5.37) 

It must be noticed that for tidal waves, (5.37) is identical as 
(5.29) proposed by (C 65) but, we prefer the formulation (5.37) 
that is more suitable. 
From (.5.37) for diurnal and semi-diurnal waves, we solve the 
equations systems wHh the two ko and S5 unknowns, for each 
aquifer. 

- For the intermediate aquifer, the phase lags values (for 
M2, <1>= 22° and for 01, <1>= 13°) lead to ko = 7.0 10-8 ms-1 and 
S5 = 1.96 10-3 m-1 . 

- For the 
values 
and S5 

deep we] 1, we obtain with t.he observed phase Jags 
(for M2, <1>= 29° and for 01 <1> = 20°), ko= 2.5 10-8 ms-1 
= 3.70 10-3 m-1. 
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From these results, we deduce that: 

- These high values dehrmined for S6 ( ~ 10-Jm-1) show that a 
water volume larger than that separately contained in each 
aquifer can be restor·ed. We think that this water is coming 
from the sandwiched clay layer between the two aquifers (see 
figure 5.9, the sandwiched clay layer is the clay of Wat.er
schei). 

-These values deduced for the permeability ko ( ~ 10-8 ms-1) are 
1000 times lower than the values of ko in the two aquifers 
(ko = 2.47 J0-5 ms-1 in the tuf and ko = 4.44 10-5 ms-1 
in the bedrock). The values of ko are of the same order of 
magnitude as the value of ko of the clay of Waterschei separa
ting the two aquifers. (The deduced va 1 ue for the deep we 11, ko 
= 2.5 10-8 ms-1, is nearly equal to the clay permeability value 
we used i.n the consolidation study on the site of the ROB, let 
he 2 10-8 ms-1 , DH 88) . This physically means that the flux 
is slow and largely influenced hy the clay properties. We so 
interprete the observed phase lags as reflecting the total 
response of !:!!~ whol~ ~ifer ~ystem involving the tuf aqui
fer, the clay of Waterschei and the hedror.k aquifer : the two 
"confined aquifers" are indeed not independant hut they are to 
he consiflered as "leaky aquifers", in a multiple acruifer
aquitnrd r.omplex sysb~m. The water-levels responses in the two 
wells are depending on the vertical leakage in the aquitard, as 
shown by the required paramet.ers values to explnin the obser
ved phose lags. 

This is the renson why we consider the permeability and speci
fic storage determined from the equations systems (5.37) as the 
aquifer system global permeability (ko)syst and the aquifer 
system global specific storage (S5 )syst· The parameters had not 
been determined from tidal observations yet. 
The vertical leakages between each aquifer through the adjacent 
aquitard layer also nt.tenuate t.he tidal amplitude and decrease 
the Tidal Efficiency. 

7.2. Estimation of the porosity and t.he specific storage of the 
two aquifer layers. 

To determine t.he porosity 00 and the specific st.orage S8 in 
each aquifer, we use the wat.er-level amplitude response to Enrth 
tides assuming that it is elastic (this kind of response is 
called "the st.ntic problem" in hydrogeology). This may be justi
fied by one of the conclusions derived by Morland et al. (lqR4) 
who showed that the porosHy influences t.he amplitude only anci 
doesn't influence the phose lag. 

Vadous theories describing the elnstir: response 
tides in the wells (tidal dilatation Et, water-level 
dH or fluid pressure variation dp) to the aquifer 
(specific storage S6 , porosity 00 ). 
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We apply 

-The Brede hoeft's model {1967) in which dH is expressed as 

1 
dH = Et , (5.38) 

in whi.ch Et is the tidal dilatation defined by Melchior {1983). 

- the Narasihman and Kanehiro's procedure (1980,1984) that 
leads to 

dp 
= p g ~ (1+ ) , (5.39) 

0o 

i.n which Kb is t.he bulk modulus. 

For each aquifer, we deduce from the results of the tidal 
analysis {cf. table 5.1b) and from the water-levels barome
tric response also [cf (5.11)] , the ratio 88 /00 values and, 
separately, the 88 and 00 values. 

It must be noticed that the estimations of 88 /00 performed 
from the data set covering one year, from the data set covering 
twenty months, from the complete set of data {34 months) and from 
the five sub-sets each covering six months, lead to identical 
values. 

The 88 values according to the various approaches are given in 
the table 5.11. 

The values deduced according to Narasihman et al. {1980) differ 
more from the hydrogeological ones than those obtained by ap
plying Bredehoeft's theory {1967). We see that the obtained value 
(3a) in the table 5.8 from Earth tidal observations is nearly 
equal to the value we estimated by the expression (5.7). 
The 85 values are also in good agreement with those we had de
duced by a personal research relative to weak loadings in soil 
and rock mechanics (DH 88). Since a , aquifer skeleton vertical 
compressibility, appears in the 88 expression (5.7) we can con
clude that the anaJysjs of the observed tides in wells allows to 
justify a posteriori the approaches we followed by using soil 
and rock mechanics considerations to estimate the layers elasti
city parameters . · 

The combined water-level responses to the atmospheric pressure 
and to Earth tides allow to determine the porosity 00 [according 
to (5.11) and (5.38)]. We obtain 
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- for the tuf, 00 = 31 % 
- for the bedrock, 00 = 14 % 

For the bedrock, the value is rather greater than that obtained 
by classical rock mechanics expressions (we obtained 9 %) but for 
the tuf the porosity value estimated in this way is quite 
realistic (33% according to soil mechanics). 

8. Conclusion 

We showed that the study of water-levels barometric and 
tidal responses in wells leads to reliable estimation of the 
aquifer parameters and of the aquifer system parameters. The 
tidal n~search we developed validates a process to estimate in 
situ aquifer parameters dj ffering from c lassi ca 1 tests usually 
performed in hydrogeology. 

Monitoring network of tidal water-levels registrations can 
be used to define the hydrogeological conditions at specific site 
e.g. during and after underground working but also at site for 
stocking toxic and nuclear waste products. The interpretation of 
the well-tidal variations in terms of physically significant. 
parameters can be rightly applied to waste stocking areas because 
in situ hydrological conditions can be deduced by continuous 
monitoring in several boreholes at any widespread site during a 
long time. 
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crystals of·pyrite and veinlet quartz 
shape : 75 - 90' 

~ Nummulites 

Fig.1 .1 .Profile of ROB 
borehole drawn up by 
the Belgian Geological 
Survey. 

G glauconitic · [G) 

K calcareous · !K l 

moderate glauconitic 

moderate calcareous 

m filter I clay seal 

.,... hiatus 
Belgian Geological survey P.L. - B.S. 1984 
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Table 1 • 1 

Water-levels impulse responses*to atmospheric pressure 
variations at ROB calculated by the MISD method. 

Water-table 

Intermediate 
well 

Deep well 

*pt in mbar,numerical coef. 
in mm.mbar-1 • 

6.06766Pt - 0.74237})l-1 -
2 .15540})l- :a - 0. 72551Pt- 3 

- 1. 04399})l - 4 - 1. 39098}>& - s 

0. 56367Pt + 0. 38000})l - 1 
+ 0.31255J)l-:a 

2.04947Pt + t.59950})l -1 -
0.33007Pt -a + 1.2301~ -3 

I BE I obs 

mm.mbar-1 

0.00946 

1.25622 

4.54900 



TMtl• 1.a. 

Long term water-level variations in meter in the three wells 
ot the borehole at the Koyal Observatory of Belgium, Brussels. 

(* direct meaaurement; A extrapolation of the direct 
meaaurement with the "nivocap" transducer) 

watertablelinterm. wellldeep well 
~· i p• P* 

84/06/01 35.81* 

I 

62.80* 68.00* 

84/06/18 35.82" 62.44" 68.02" 

84/06/26 35.82" 62.43" 68.01" 

84/07/11 35.82" 62.31" 67.94" 

85/01/01 35.87" 61.70" 67.30" 

85/01/15 35.78" 61.62" 67.30" 

85/06/30 35.81" 61.40* 67.09" 

85/07/09 I 35.83* 61.43" 67.09" 

85/07/30 I 35.81* 61.44" 67.03" 

85/09/16 35.77" 61.53" I 67.29" 

85/12/05 35.78" 61.53" I 67.02" 

I 86/03/09 35.83" 61.49" 66.82" 

86/06/01 35.83" 61.52" 66.80" 

86/10/31 35.90" 61. 74" 67.07" 

86/12/15 35.90* 61.67* 67.06* 

87/02/25 35.93* 61.60* 67.05" 

87/03/30 35.93" 61.54" 66.97" 

87/04/02 35.90" 61.50" 66.89" 

87/04/20 35.90" 61.58" 67.04" 

87/0!'J/30 3!'1.93" 61.70" 67 .15" 

87/frT/27 35.93" I 61.53" 67.20" 

87f09/14 35.93" 61.61" 67.24" 

87/09/29 35.91" 61.69" 67.20" 

87/12/21 35.88" 61.85" 67.30" 

88/04/25 35.76" 61.64" 67.28" 

88/11/04 35.57" 61.96" 67.47" 

88/12/02 

I 
35.60" 62.00" 67.36" 
35.60* 62.01" 67.37* 

H** : depth from the land surface, in meter 
ROB Hei.ght = 101 m 

I 
I 

i 
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Fig.2.1 .o -depth diagram.pg(z.-zF) effective stress z 1 

increase due to decline from the initial 
water table zi to the final water table zF. 
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Fig.2.2.Semi-infinite medium with a strain nucleus. 
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Fig.2.3.Row of nuclei on a circle of radius p in 
the plane z=c below a surface(according to 
Geertsma,1973). 

Fig.2.4.Determination of the displacement field 
around a disc-shaped reservoir in the half 
space(according to Geertsma,1973). 
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Fig.2.5.Depth-pressure diagrams of a confining layer illustra
ting effective pressure areas when(a)the head is 
lowered in one bounding aquifer,and(b)(c)the heads are 
lowered in both bounding aquifers(according to 
Domenico&Mifflin,1966). 
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TABLE 2.1 

Effect on g (in nanogaJ) of land surface displacement induced by 
the t.hree water-levels variations at ROB, during the time 

intervals I1 (i = 1,5), from 84/06/01 to RB/12/02. 

Time Expansion Compaction Effect on g 
intervals in 11m in Jlm in nanogal 

I1 220 - 69.6 

I2 160 .50. 7 

I3(a) 4 1.1 

I3(b) 142 - 43.7 

I4 66 - 19.9 

Is 30 9.1 



Fig.3.1 .Attraction of a circular slab with radius R, 
with thin thickness E on an unit mass. 
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Fig.3.2.Water table variation llhWT;zi initial state, 
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Fig.3.3.Scheme of the geometrical configuration and 
notations used in attraction calculus of the 
various strata at ROB. 
Vi:initial state 
VF:final state after water table increase ~hwr• 
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Fig.3.4.Volumic weight distributions in the pendular h p 
zone,funicular hf zone and capillary he zone, 

from the initial state(i) to the final state(F) 

of the water table. 
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Fig.3.5.Volumic weigth distribution in the funicular 
zone subdivided into sublayers 1. 
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Table 3.1 

Calculus of the attraction effect of the funicular and pendular 
zone of the tn1confined aquifer with radius R = 1 km 1 at the 
ROB, during the time interval I1 (85/01/01 to 85/06/30) i.e. 
for a 0.07 m water table increase. 

i 1 {ib .6 Ap, 1 (nanogal) i 
1---------------------------------------------------------------l 
l 12 0.96532586 41.88}8... 1 
, _______________________________________________________________ ! 

i 1 ! 
: 1 {h} .6 At, 1 i 
1---------------------------------------------------------------l 
I 11 0.96525599 80.8573... . 

10 0.96518612 80.8513 .. . 
9 0.96511624 80.8456 .. . 
8 0.96504637 80.8397 .. . 
7 0.96497650 80.8339 .. . 
6 0.96490663 80.8280 .. . 
5 0.96483676 80.8222 .. . 
4 0.96476689 80.8163 .. . 
3 0.96469702 80.8105 .. . 
2 0.96462715 80.8046 .. . 
1 0.96455728 41.8838 .. . 

Table 3.2 

Complete contribution of the unconfined aquifer at ROB, induced I 
I by an increase of 0.07 m in the water table. 1 

r-----------~~~~~~~~~~-(~~~~;~~)--------1 
1---------------------------------------1 
! R=lkm j R=2km 1 R=3km 1 R->oo I 

--~~;:-:-~-~:~~~:~~~-;~d-------~-;~~~;~;-~-~~~~z~;--1 -;~~~;;~-~-~;~~zz~-~~ 
pendu]ar zones i I 

1 
I 

---------~---------------------~---------~-------------------~---------1 
.1A6 • saturated part 1 I I I 

by integration \---~~~~~-~---~~~~~- ---~~~~~-~ 0. 563 , 

without inte~ation 1---~:~~~-~---~:~~~- ---~:~~~-~~---------! 
L1At+ p +.1A6 ' 891.103 I 906.013 911.343 I 922.009 I 

-------------------------------1---------------------------------------i 
Bouguer's formula 11116.043*11136.083*!1142.966*! 1 

~~~~;~;~~:~~~;~~~~;:~~~z~~~~~:l1156.136 
1 

-:-~~~~~-~-=-~~~~~~~~-;~~~-~~~-~~~~-~~~;~~~-~~-~~~-:~~~~-~~~~~---------~ 
"depth c =distance from the land surface t.o the centre of the aquif.J 



I 
Table 3.3 

I 
Contribution of the confined aquifer layers to the attraction 

, calculated by (3.51) (tuf aquifer, j = 1, bedrock aquifer, j = 1) 
I 

1---------------------------------------------------------------------------l XjYw/g Llpw (1 +Xj) .:lAj 
[ j xj 10-3kgm-3 10-3kgm-3 nanogal 
I 1---------------------------------------------------------------------------l 
I 

I 
I 

1. 0.07 m water table 
inr.rease 

I 

' 

I 

2. 1.40 m yearly 
increase in the 
tuf aquifer 

3. 0.07 m maximum 
pumping in the 
tuf aquifer 

4. 0.95 m yearly 
increase in the 
bedrock aquifer 

5. 0.11 m maximu~ 
pumping in the 
bedrock aquifer 

3 
1 

0.00000057 
0.00000055 

0.00001146 

-0.00000057 

1 0.00000075 

l -0.00000009 

0.57000 
0.05516 

11.45900 

-0 .. i)7000 

0.32896519 
0.32896502 

6. 57937.'539 

-0. 32896.519 

0.75032 4.46452834 

-0.08626 -0.51694501 

+0.396 
+0.419 

+7.942 

-0.396 

+5 .68.5 

-0.658 



Table 4.1 

Total "hydrogeological pP.rturbing P.ffect" on g (l<md sucfacP. displacement effect L 
and attraction vaciation effect A) at ROB ducing the time intervals I1 (i = 1,2) 
taking into account (1) the whole aquifP.r systP.m, (2) the water· table variation 
including the effective stress variation transfec ~o z and (3) the water table 
variation only. Land A in nanogal. 

T2 
Time intervals 

fl5j01/01 -> fl5j0nj10 fln;on;o1 -) fln/10/10 

I 
AQ. 1 + 0.10 m 
AQ.2 - 0.23 m 

- 0.15 Ill 

~Water-levels var. AQ.l - 0.07 m 
I AQ.2 + 0.45 Ill 

AQ.1 i AQ. 3 + o. flo m 
1---------------+--------------------+--------------------
i (1) the who 1 e 
laquifec system 

L 
A 

- 69 . .rl41 
+ gos.B3n 

+ .'i0.60fl 
- 12fl2.004 

! _______ +~-·:_~+---_-_-_-_--_+ -_;_~-~-~-~-~--~----_-_-_--_-_-_-_-_-_-+---_-_-_-_--_-----~-~-~-~-~-~-~-~----_--_-_-_-_-_-_-
L 
A 

- 1 fl. 2sn I + 2n. 122 
+ sg3 .. 'i37 , - 1276.421 

I 

(2) the water 
table variation 

L+A 
---------------------------~~---------------------------1 

+ fl7.'i. 251 _ 1 250. 2gg I 

1(3) the water 
table variation 

L 
A 

L+A 

- 4. ()fl7 I + 5. fl3fl I 
+ sgi.J03 - 1273.004 

------:-~~;~~;~------------~------=--;;~;~~~~----------~ 
L_ ________________ __ 



TimP intP.rvills I 

Tilble 4.2 

Tnt nl "hyrirogP.n I ngi cill pP.rturhi ng P. f f Pet" on g ( 1 ilnn 
il!Hl nHrilctinn vilrintion pffP.ct A) ;d ROB riur·ing HlP. 
filking into ilccotl!lt (1) tllP. wholP. ilqui fP.r systP.m, (2) 
inclwling thP. pffP.cl ivP. stress vc~rintion trilnsfer· 
vru· i ill inn on I y. [. ilncl A in no nogal . 

surfilcP. riisplncP.mP.nt effect L 
time intervnls T1 (i = 1,~) 
the wiltP.r tnhle vilriation 
!J.a z ann (3) the water tilhle 

I 87/09/29 -) 87/12/21 87/12/21 -> 88/04/2~ 

I 
I 88f04/2"i -> 88/11/04 88/11/04 -> 88/12/02 

I AQ.1 
! AQ.2 

AQ.1 

+ O.O."i m 
O.l"i m 
0.11 m 

AQ.1 + 0.11 m I 
I' AQ.2 + 0.19 m 

1 . AQ.1 + 0.00 m 

AQ. 1 
AQ.2 
AQ.1 

+ 0.18 m 
0.31 m 
0.1.'5 m 

(1) the whole 
aqtl i fpr syst Pm 

I jL I + 1.092 I - 41.o8"i I - 19.872 

~~~;~------~-;~;~~;;------------ ------~--~~;~~~;~---------- ------~--~~;~~~~~---------
(2) the watP.r 
tahle varintion 

+!J.Oz 

\ L I - 11.0o2 - 28.745 

~~-- ------~-~~~~~~~------------ ------~--~~~~~~~~----------
\ L+A + o2."i. 180 + 1.17"i .38.'5 

(1) the Wilter I. 
tAh)e vnrin1.ion A 

2.919 
+ o1o."i02 + 

0.422 
1400.104 

L+A + fi33 .. "i83 + 1193.882 

+ 
47.018 

2297.065 

+ 2250.047 

+ 
10.508 

2291.407 

+ 2280.899 

AQ.l 
AQ.2 
AQ.1 

+ 
+ 

- 9.136 
+ 382.711 

+ 373.575 

- 7.836 
+ ]82.944 

+ 375.108 

- 1.751 
+ 381.901 

+ 380.150 

0.03 m 
0.04 m 
0.10 m 
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Fiq.5.1.Response(b) in the three wells ((1 )water table, 
(2)intermediate well,(3)deep well) to a sudden 
atmospheric pressure decrease(a) with a 4.7 mbar 
amplitude,recorded during a thunderstorm(July, 
the 11th 1984) at ROB. 
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effect. 
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sure in response to a wave. The initial piezometric level 
is the level before the oscillation (b • aquifer thickness, 
r,z • cylindrical coordinates, rw • well radius). 
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tidal water-levels response at the ROB. This system in
volves the tuf aquifer and the bedrock aquifer between 
which the clay of Waterschei is sandwiched. ko is the 
permeability, Ss is the storage coefficient , k'o is the 
aquitard permeability. 



TABLE 5.1a. 

Water table tidal analyses results before and after having removed the barometric effect. 

UNCONFINED AQUIFER 

84/06/01 - 87/02/28 ' . 1002 d • , 23184 h.r. 

Before atmospheric -pressure After atmospheric pressure 

correction correction 

w 
A 
v A a( A) a. a( a.) A a( A) a. a( a) 
E 
s 

M2 0.18 + 0.06 - 163.6°+20.0° 0.03 + 0.04 106.2°+69.1° - -
N2 0 .1 7 + 0.07 -122.7°+22.7° 0.07 + 0.04 -83.4°+35.6° - -
52 2.85 + 0.06 - 81.8°+ 1 • 2 ° 0.64 + 0.04 -54.5°+ 3.3° - - -
K1 0.40 + 0.1 5 25.9°+21.2° 0. 11 + 0.05 34.2°+26.4° - -
p1 0.22 + 0. 1 6 - 87 .0°+41 .8° 0.04 + 0.05 68.7°,:!:.72.4° -
01 0.11 + 0 .1 4 128.6°+75.4° 0 .1 0 + 0.05 112.3°+27.5° -

Standard 0 1 5. 09 5.33 

deviation so 5.76 3.56 

(mm) TO 4.1 0 2.91 

A:Amplitude,in mm a(A):R.M.S. a.: Phase a(a.):R.M.S. 



T A! L E 5.1 b. 

Water-levels tidal analyses results for the intermediate well (tuf of l.incent confined aquifer) 
and for the deep well (bedrock confined aquifer) before and after having removed the barometric effect. 

--
TNTF.R~IEDIATE WELL DEEP WELL 

64/06/01 -> 88/12/05, 1647!1., 35424 h.r. 84/06/01 -> 88/12/06, 1652 d •• 35376 h.r. 

Refore atmospheric After a lmospheri c Before atmospheric After atmospheric 
pressure cor-recti on pressure correction pressure correction pressure correction 

WAVES A o(A) a o(a) A o(A) a o(a) A o(A) a o(a) A o(A) a o(o) 

~Ia 0.81±0. 02 156. 6°±1.1~0 0.80±0.02 156.8°±1.20 5.40±0.04 1~8.1°±0.50 5.31±0.04 148. 11'±0.40 
N:z 0.20±0.02 167.2°±6.20 0.18±0.02 165.1°±5.70 1.00:!:0.05 152.3°:1:2.60 0.94±0.04 152.1°±2.30 
Sa 0.79±0.02 171.0°±1.4° 0.50±0.02 149.3°±1.5° 3.57±0.0/f 154.9°±0.7° 2.99±0.03 136.8°±0.6° 
Kt 1.08±0.07 162.1°±3.9° 1. 07±0. 011 161.6°±2, JO 8.18±0. n 157.5°±0.90 8.30±0.06 l~HL 3°±0. 4° 
Pt 0.46±0.08 -179. 8°±10. 2° 0.46±0.05 170.1°±6.00 3. 32:!:0 .15 162.30±2.6° 3.36±0.06 157 .4°±1.1 ° 
01 0.85±0.07 164.7°±4.00 0.87±0.05 165.0°±2.70 7.47±0.13 156. 3°:U .oo 7.53±0.06 158.3°±0.40 

Standard D 9.77 5.64 17.57 7.66 
deviation 

SD 2.26 1.85 4.87 4.07 

TD 0.95 0.84 2.27 2.09 
---

Amplitudes 
rntios 

(theory) 

S:z/M:a 0.465 0.972 0.721 0.661 0.563 
N2/M1 0.194 0.243 0.223 0.186 0.178 
Ot/Kt 0.710 0.787 0.817 0.913 0.907 
M;z/01 0.965 0.952 0.915 0.722 0.705 

A Amplilude, in millimeter o(A) R.M.S. a Phase o(o) R.M.S 
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TABLE 5.2. 
Water-levels tidal analyses results of the six months sub-sets of data 

for the intermediate well after having removed the barometric effect. 

The amplitudes and their RMS are expressed in mm(*=theoretical ampli

tudes ratios). 

S4/07/01~S4/12/31 S5/01/01+S5/06/30 S5/07/01+85/12/31 S6/01/01+S6/06/30 S6/07/01+S6/12/31 
1"84 d •• 3792 h. r. 1S1 d. ,4128 h.r. 1S4 d. ,4272 h.r. 181 d. ,4032 h.r. 185 d.,4224 h,r. 

0. 51 .±. 0.05 156 • f>D .±. 4,6° 0.66 .:!:. 0.04 157.7° .±. 3.2° 0.76 .:!:. 0.03 1 59 • 1 D .±. 2.3° 0.73 .:!:. 0.04 164.7° .±. 3.5° O.S4 .±. 0.04 160.9° 

0.14 .±. 0.05 156.6° .:!:. 4.G 0 0.13 .±. 0.04 168.5° .±_16.3° 0.15 .±. 0.03 166.3° +12.S 0 0.16 .±. 0.05 143.6° .t,17.6° 0.20 .:!:. 0.05 165.3° 

0.32 .:!:. 0.05 11d.1° .:!:. 8,5° 0. 41 .:!:. 0.04 141.7° .:!:. 4.9° 0.50 .:!:. 0.03 151.3° .:!:. 3.4° 0.54 .±. 0.04 1 53.1 ° .±. .4. 5° 0.61 .±. 0.04 1 56.5° 

0.7S .:!:. 0.11 171.8° .±. B .1 ° 1.00 .:!:. 0.08 162.0° .±. 4.7° o. 77 .:!:. O.OB 162.3° .:!:. 6.0° O.BB .±. 0.14 155.8° .±. 5.0° 1 .os .±. 0.14 179 .so 

0.46 .:!:. 0.12 -158.0° .±_11• .so 0.12 .±. 0.09 179.3° .:!:. 43.2° o. 72 .:!:. 0.09 161 .0° .±. 7.0° 0.57 .:!:. 0.15 -172.4° .:!:.15.3° 0.59 + . 0.16 137.3° 

0. 52 .:!:. 0.11 172.0° .±_10.2° 0.90 .:!:. 0.08 170.0° .:!:. 5.2° 0.86 .:!:. o.oa 167.6° .:!:. 5.2° 0.73 .:!:. n .14 158.6° +10.6° 1.05 .:!:. 0.14 170.3° 

4.53 3.56 3.62 6.13 6.35 
1 .85 1 .43 1 .42 1. 70 1 .69 
0.98 0.74 0.63 0.96 0.83 

0.465" 0.528 0.616 0.661 0.737 0.730 

0.194" 0.232 0.194 n .1 94 0.221 0.241 

0.710" 0.789 0.894 1 .125 0 .S31 0.96S 
l 

0.965" 0.989 0.739 0.879 0.995 0.803 ; 

87/01/01+87/06/28 87/07/02+87/12/31 88/01/02+88/06/29 88/07/02+88/12/05 
180 d •• 3408 h.r. 185 d.,3840 h.r. 181 d •• 3696 h.r. 158 d.,3456 h.r. 

1'12 0.84 :!: o.p4 161.7° :!: 2.6° 1 .01 :!: 0.05 158.6° :!: 2.7° 0.86 ! 0.06 153.2° ! 3.8° 0.89 :!: 0.05 142.6° ! 3,4° 

N2 0.22 + 0.04 172.4° ! 11 • 2° 0.22 ! 0.05 176.5° ! 13.9° 0.13 ! 0.06 168.2° :!: 26.5° 0.19 ! 0.05 159.1° :!: 15.7° 

52 0.60 ! 0.04 157.7° ! 3.5° 0.74 ! 0.05 156.4° ! 3.5° 0.69 ! 0.05 137.6° ! 4.4° o. 77 :!: 0.05 141.5° :!: 3.9° 

51K1 1 .30 :!: 0.13 167.3° :!: 5.5° 0.87 ! 0.15 161.6° :!: 10.0° 1. 72 :!. 0.18 157.1 Q :!: 6.1 Q 1 .22 :!: 0.14 150.3° :!: 6.5° 

p1 0.25 ! 0.14 -175.0° :!: 33.0° 0.52 :!: 0.17 167.3° :!: 18.5° 0.42 :!: 0.21 -162.7° :!: 27.8° 0.85 ! 0.16 147.7° :!: 10.7° 

01 0.76 :!: 0.13 166.7° ! 9.3° 0.85 :!: 0.14 169.0° :!: 10.0° 1 .01 ! 0.18 165.5° ! 10.3° 1 .16 :!: 0.14 155.4° :!: 6.8° 

St. 0 4.94 6.32 7. 72 5.66 
Dev. so 1. 32 1 • 74 2.06 1 .89 

TO 0.62 0.90 0.89 0.84 --
52/1'12 0.465* 0.713 o. 726 0.805 0.861 

N/1'12 0. 194~ 0.265 0.219 0.153 0.213 

o1/K 1 0.710~ 0.585 0.970 0.585 0.948 

"2/0l 0.965~ 1 .1 02 1 • 196 0.859 o. 772 

.±. 2.9° 

.:!:.1 3.9° 

.±. 3.8° 

.±. 7.4° 

.±,15.3° 

.:!:. 7,4° 
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TABLE 5.3. 
Water-levels tidal analyses results of the six months sub-sets of data 

for the deep well after having removed the barometric affect, 

The amplitudes and their RMS are expressed in mm(*=theoretical ampli
tudes ratios) . 

84/07/01+84/12/31 85/01/01+85/06/30 85/07/01+ 85/12/31 I 86/01/01+86/06/30 86/07/01+86/12/31 
184 d •• 4176 h. r. 182 d •• 4320 h. r. 184 d. ,4032 h. r. 180 d. ,3504 h .r. 185 d.,3264 h.r. 

5.83 .±. 0.11 158.6° I· 1 . 1 ° 5.48 .±. 0.07 149.6° .±. 0.8° 5.36 .±. 0.10 1 48.8 ° .±. 1 • 1 ° 5.21 .±. 0.20 1 47.5° .±. 2.1° 5.05 .±. 0.08 1 46.4° 

1. 05 .±. 0.11 1 52.3° .±. 5.8° 0.97 + 0.07 153.5° .±. 4 . ~~ 0 0.98 .±. 0.11 1 65.0° .±. 6.4° 0.97 .±. 0.22 1 54.5° +12.9° 0.80 .±. 0.09 149.1° 

3.22 .±. 0.11 1 52.7 ° .±. 1 • go 2.92 .±. 0.07 1 43.5° .±. 1 . 4 ° 3.01 .±. 0.10 140.2° .±. 1 . 9 ° 3.01 .±. 0.19 1 35.2° + 3.5° 2.94 .±. 0,08 1 32.7° 

8.66 .±. 0.21 1 64.6° .±. 1 . ,, 0 8.49 .±. 0.1 6 158.3° .±. 1 . 1 ° 8.42 .±. 0.18 1 57.0° .±. 1 • 2 ° 8.30 .±. 0. 30 1 59.1 ° .±. 2.1 ° 7.62 .±. 0.13 156.8° 

3. 91 .±. 0.22 1 59.2 ° .±. 3.3° 2.95 .±. 0.17 155.4° .±. 3.3° 3.78 .±. 0.20 155.9° .±. 3.0° 2.60 .±. 0.33 163.6° .±. 7.4° 3.19 .±. 0.15 152.0° 

7.70 .±. 0.21 164.5° .±. 1 . 5° 7.54 .±. 0.16 159.1 ° .:!:. 1 • 2 ° 7 ,L,g .:!:. 0.17 156.5° .:!:. 1. 3° 7.69 .±. 0. 30 1 59.4° .±. 2.2° 7.03 .±. 0.12 159.8 ° 

9.06 - 7.11 ~.59 12.21 5.03 
4.35 2.96 3.92 6.95 2.63 
2.55 1 • 76 1. 87 4.00 1 .52 

0.465" 0.552 0.533 0.561 0.578 0.583 

0.1 94* 0.181 0.176 0.183 0.185 0.158 
i 

0.710" 0.889 0.888 0.889 ! 0.926 0.923 

0.965* 0,757 o. 727 0.716 0.678 0. 71 B 

87/01/01+87/06/28 87/07/01+87/12/31 88/01/02+88/06/27 88/07/02+88/12/0B 
180 d •• 4032 h. r. 185 d •• 3984 h. r. 179 d.,3840 h. r. 161 d •• 3552 h. r. 

M2 5.14 :!: 0.06 144 .4° :!: 0.6° 5.24 :!: 0.05 1 44 .4 ° :!: 0.6° i 5.16 :!: 0.05 145.2° :!: 0.5° 5.39 :!: 0.08 142.3° :!: 0.8° 

N2 0.96 :!: 0.07 145.0° :!: 4.0° 0.98 :!: 0.06 1 45.1 ° :!: 3.4° 0.78 :!: 0.05 142.9° :!: 3.5° 0.81 :!: 0.08 144.2° :!: 5.4° 

52 2.83 :!: 0.06 135.0° :!: 1 .1 ° 3.02 :!: 0.05 1 36.2 ° :!: 0,9° 2.92 :!: 0. 0!1 1 33.1 ° :!: 0.08° 3.20 :!: 0.07 134.9° :!: 1 . 3° 

s 1 K1 7.93 :!: 0.11 157.3° :!: 0.8° 8.19 :!: 0.09 155.5° ~ 0,6° 8.53 :!: 0.09 1 55.9° ~ 0.6° 8.52 ~ 0.12 156.4° :!: 0,8° 

p1 3.06 :!: 0.12 157.8° :!: 2.3° 3.72 ~ 0.10 1 56.6° :!: 1 • 6° 3.?8 :!: 0.10 1 59.0° ~ 1 . 7° 3.50 ~ 0.1 3 151.6° :!: 2.2° 

01 7.52 :!: 0.11 157.4° ~ 0.8° 7.50 :!: 0.09 157.2° :!: 0.7° 7.67 ~ 0.09 1 56.2 ° :!: 0.6° 7. 81 ± 0.12 155.6° :!: 0.8° 

St. 0 4.91 3.98 3. 77 4.82 
Oev. so 2.22 1. 99 1. 69 2.76 

TO 1. 23 1. 32 1. 39 1. 97 
r--

s2/r~2 0.465• 0.550 0.575 0.566 0. 594 

Nzlr1 2 0 .194* 0.187 0.187 0.1 52 0.149 
o 1 /K 1 0.710* 0.948 0,91 5 I 0.898 0.917 
M2 /o 1 0.965* 0. 684 0.699 I 0.673 0.690 

-~------·· 

.±. 0.9° 

.±. 6.5° 

.±. 1 • 5° 

.±. 1 ,0° 

.±. :>.so 

.±. 1. 0° 



TABLE 5.4 a. 
Water-levels tidal analyses results for the intermediate well at ROB,according to th~ conventional 
seasons,before and after having removed the barometric effect(84/06/01 to 88/12/09) 

0-season 1497d. 11472h.r. J-season 1551d. 12432h.r. 

A o(A) (l o(n) An o( A) II an o(n) 1! A o(A) (l o(n) A* o(A)n n* 
0.83±0.04 156.11°± 2.7° 0,81±0.03 157.1°± 2.1 ° 0.77±0.03 157.1°± 2.2° 0.76±0.03 156.5°"!: 

~I 

o(a)l1 I 
2,0° M2 

N2 0.19±0.04 166.2°±12.7° 0.18±0.03 178.9°±10.2° 0.15±0.03 147.9°±11.7° 0.15±0.03 147.0°±11.3° 
S2K2 0.75±0.04 175.2°± 3.0° 0.55±0.03 155.8°± 3. 1 ° 0.83±0.03 166.2°± 

P1S1K1 1.30±0.14 175.0°± 6. 1 ° 1.25±0.07 174.6°± 3.4° 1.01±0.08 148.6°± 

01 0.79±0.15 172.1°±11.1° 0.86±0.08 171.1°± 5.6° 0.76±0.09 160.9°± 

stand. 0 12.02 6.53 6.93 
dev. so 2.58 1 . 9 3 1 • 97 

TO 1 • 11 0.92 0.81 

N2(M2 0.194 11 0.233 0.223 0.197 
M2/01 0. 965!1 1 • 049 0.943 

E-season 1 52 3d. 11520h.r. 

A o(A) (l o(n) All o(A)n nil o(n) 11 

M2 0.84±0.04 156.7°± 2.4° 0.83±0.03 157.0°± 1 • 9 ° 

N2 0.24±0.04 174.1°± 8.6° 0.21±0.03 164.0°± 8.0° 

S2K2 0.74±0.03 169.3°± 2.0° 0.54±0.02 148.0°± 2.2° 

P1S1K1 0.99±0.17 164.7°± 9.5° 0.97±0.09 165.8°± 5.4° 

01 1.03±0.13 161.1°± 7.2° 0.99±0.07 161.2°± ,, • 1 0 

stand. 0 9.93 5.51 
dev. so 2.30 1 • 80 

TO 0.90 0.81 

N2(M2 0.194* 0.291 0.251 

M2/01 0. 965* 0.818 0.834 

A:amplitude,in millimeter o(A):R.M.S. a:phase o(n):R.M.S. 
A» ,n» :amplitude and phase after atmospheric pressure correction 
II amplitudes ratios(theory) 

1 • 01 6 

2.2° 0.62±0.03 143.4°± 2,7° 
4. 4 ° 1.04±0.05 146.4°± 3.0° 
6.4° 0.78±0.06 162.7°± 4. 3° 

4. 82 
1 • 83 
0.77 

0. 1 91 
0.974 



TABLE 5.4b. 
Water-levels tidal analyses results for the deep well at ROB,according to the conventional 
seasons,before and after having removed the barometric effect(84/05/01 to 88/12/09) 

0-season 1499d. 10848h.r. J-season 1 552d. 12528h.r. 

A o(A) a o(a) A* o(A)l' all 0 (a) II A o(A) a 
M2 5.52±0.09 147.2°± 0.90 5.39±0.07 147.5°± 0.8° 5.35±0.06 149.8°± 
N2 1.11±0.10 142.6°± 5. 1 ° 0.98±0.08 168.4°± 4,6° 0.98±0.07 153.7°± 
S2K2 3.47±0.09 153.3°± 1 • 5° 3.0~±0.07 139,6°± 1 • 4 ° 3.51±0,07 154.6°± 
p 1 51 K 1 8.65±0.25 157.8°± 1 • 7 ° 8,78±0.11 158.6°± 0.7° 8.25±0.16 157.3°± 
01 7.05±0.28 157.3°± 2.3° 7.64±0.12 157.6°± o,go 7.65±0.17 159.9°± 

stand. D 21 • 58 9.35 14.06 
dev, so 5.75 4.55 4.21 

TO 2.76 2.39 1 88 
N2/M2 0,194ll 0.201 0.1 81 0.183 

1 

M2/o 1 0,965ll 0.783 0.706 0.700 

E-season 1523d. 12000h.r. 

A o(A) a o(a) A* o(A)ll a* o(a) 11 

M2 5.33±0.07 147.1°± 0.8° 5.28±0.06 147.0°± 0,7° 
N2 0.92±0.08 158.2°± 4,8° 0.87±0.06 152.4°± 4.3° 
S2K2 3.51±0.05 153.1°± 0.9° 2.93±0.05 137.7°± 0.9° 
p 1 51 K 1 7.84±0.28 159.7°± 2.0° 8.09±0.12 160.7°± 0.8° 
01 7.70±0.22 157.2°± 1 • 6° 7.53±0.09 157.5°± 0.7° 

stand. 0 1 7.1 4 7.25 
dev. so 4.85 4.15 

TO 2.18 2 12 
N27M 2 0.194* 0.1 7 3 0.1 65 
M2/01 0.965* 0.692 0.702 

A:amplitude,in millimeter o(A):R.M.S. a:phase o{a):R.M.S. 
A11 ,a* :amplitude and phase after atmospheric pressure correction 
11 amplitudes ratios(theory) 

o{a) All o(A)ll 
0.7o 5.27±0.05 
3.8° 0.94±0.06 
1 • 1 ° 2.99±0,06 
1 . 1 ° 8.30±0.08 
1 • 3° 7,45±0.09 

7.01 
3.61 
1 77 

0.179 
0.708 

all o(n) 11 

149.6°± 0,£30 
153.8°± 3. II 0 

138.5°± 1 . 1 ° 
156,6°± 0,5° 
159.7°± 0,7° 



TABLES 5.5 a & b 
YEARLY water-levels tidal analyses results for the intermediate w.ell(e) and the deep well(b) at ROB 
AFTER having removed the barometric effect. 

-
(a) 1985 1986 1987 

'J6'5d,8400h.r. 'J6'5d,8304h.r. 3'll'6d.7248h.r. 
A o~ll~ a o~al A olAl a o~a! A o( A! a o~ a I 

1"12 0. 71±0.02 158.4°± 1,9° 0,79±0.03 162.7°± 2.3° 0,9UU,03 160.4°:!: 2.0" 
N2 0.13±0.03 168.5"!11.1° 0.19±0.04 155.5"±10.8° 0.24±0.04 177.2°± 8,7° 
52 0.45±0.02 146.9°! 2.9° 0.58±0.03 154.9°:!: 2.9° 0.67±0.03 158,4°± 2.6° 
K2 0.10±0.02 159.4°±10.4° 0.13±0.02 163,2°:!: 9.7° 0.18±0.02 120.8°± 7,4° 
s, 0.52±0.09 -146.5°± 9.6° 0.44±0.16 149.8°±21.1° 0.36±0,16 -117.0°±24.90 
K1 0.88±0.06 162.1°± 3.6° 0.96±0.10 170.0°:!: 5.8° 1.11±0.10 163.6°± 5.0° 
p1 0.42:!:0.06 163.2":!: 8.3° 0.54±0.11 163.1°:!:11.5° 0,37±0.11 177.5°±16,8° o, 0.88±0.05 168.2°± 3.5° 0,90:!0.09 164.0°± 5,9° 0.81±0,09 168. 3°! 6.5" 

stand. 0 3.50 6.23 5.72 
dev, so 1 • 34 1 • 71 1 • 61 

TO 0.68 0.89 0.78 
s,~l'l 0,465M 0.637 0.733 0.713 
N2/f'll2 0.194 11 0.187 0.289 0,253 
02/K2 0.710• 0.995 0.939 0.736 
1'11/01 0.965 11 0,809 0,875 1 .1 55 

2 1 

(b) 1985 1986 1987 
165d.8352h.r. "l65ci.6768h.r. 366d.8064h.r. 
II o~A} a <J! a~ A otAJ a ot a~ A o~AJ a O!CJ 

"' 5.43t0.06 149.1°:!: 0.7° 5.10±0.11 146 .9°:!: 1 ,2° 5.20±0.04 144.4":!: 0,4° 
1\12 0,97±0.07 158. 5":!: 3,9° 0.92±0.12 154.8°! 7.7" 0.97±0.05 144.8°± 2.7° 
52 2.96±0.06 141 ,9°:!: 1 • 1 ° 3,01±0.10 133.7°:!: 2,0° 2.92±0.04 135.5°± 0.7° 
K2 0.72±0.05 135.0°:!: 3.8" 0.75±0.06 147.0°± 6.1 ° 0.68±0.03 120.4°± 2.4° 
52 0.33±0.19 -152.2°±31.9° 0. 91:!:0. 30 175.6°±19.3° 0.28:!:0.12 -138.4"±24.3° 
K1 8.44±0.12 157.8°:!: 0,8° 7.90±0,18 158.6°± 1. 3° 8.09±0.07 156.5°± 0.5" 
p1 3.33±0.13 155.9°! 2.2° 2.88:!:0.21 157.0°:!: 4.1° 3.41!:0.08 156.9°:!: 1 .4 ° 
01 7. 53:!: 0. 11 157.6°:!: 0.9° 7,33:!:0,18 158.9°± 1 .4° 7.48±0.07 157.1°:!: 0,5° 

1 
stand. u "/,j:, 10.55 4. 61 
dev. so 3.43 5,34 2.14 

TO 1 .81 3.11 1.27 
s ~~1"1. 0,465" 0.546 0,589 0.562 
N2/1'12 0,194 M 0.179 0.179 0.187 
02/K2 0;710 11 0.892 0.929 0.926 
M1/01 0,965" 0. 721 0.696 0.695 

2 1 

A:amplitude,ln millimeter o(A):R.I"'.S. 
Mamplitudes ratios(theory) 

a:phase o(a):R,f'/1,5, 

1988 
1iii'id.7152h.r. 
A o\AJ a o~a! 
0,87!0,04 147.2°• 2.6° 
0,15±0.04 1 60 . 7 ° ~ 1 6. 2 ° 
0.75±0.04 140,4°! 2.8° 
0.1H0.03 149.2°t14,8° 
0.64±0,19 -156.4°'17.0° 
1.46±0.11 156.2"~ 4.5° 
0,60±0.13 171.5°±12.4° 
1.05:!:0,11 161.6°± 6,0° 

ti.Ff 
2.00 
0.86 

0.835 
0.173 
0.717 
0.829 

1988 
1i"Jd.7392h.:r. 
I A 0~ A I 
5,27±0,05 

a ot a~ 
143.7°± 0,5° 

0.83:!:0,05 143.4°± 3.5° 
3.07±0.05 134.4°± 0,8° 
0,80:!:0.03 131.1°:!: 2,5° 
0,43:!:0.12 173,9°±16.2° 
8.52±0.07 156.4°± 0,5° 
3,38±0.08 156,1°:!: 1 • 4 ° 
7.71:!:0.07 155 ,9°± 0.5° 

4. 37 
2.45 
1.69 

u.:,az 
0.158 
0.904 
0.683 



TABLE 5.6. 
BAROMETRIC tidal analyses results in Brussels according to the conventional seasons:O-J-E and Y, 
during the time interval corresponding to the water-levels registrations(June 84+0ecember 88). 

D-season J-season E-season 
1502d.12528h.r. 1554d.14016h.r. 1522d.13248h.r. 

A o(A) (l o(a) A o(A) (l o(a) A o(A) (l o(a) 
M2 34±15 -172.7°± 25.0° 1 4± 9 135.8°± 40.1° 21 ± 1 1 162 .9°± 3u.5° 
N2 14±16 57.8°± 67.6° 17±10 -117.2°± 34.0° 21±12 -109.4°± 32.4° 
52K2 268±15 -126.2°± 3.2° 279±10 -129.7°± 2 .1 ° 258± 8 -129.8°± 1 . 8° 
P151K1 77±52 - 93.5°± 38.1 ° 56±29 - 88.2°± 29.3° 92±64 84.1°± 40.4° 
o, 1 0±58 - 60.4°±318.2° 42±31 121.5°± 43.3° 64±50 -146,8°± 44.7° 

1985 1986 1987 1988 
366d.B784h.r. 364d,8736h.r. 364d.B736h.r. 366d.8784h .. r. 

A a( A) (l o(a) A o(A) (l o(a) A o(A) (l o(a) A o(A) a 
M2 30±12 -155.6°± 23.3° 9±14 67.7°± 97.4° 22±13 140.1°± 34.7° 24±17 171.0°± 
N2 22±13 149.1°± 34.0° 24±17 -124.1°± 40.1° 1 3± 1 5 -114.4°± 64.6° 27±19 13.8°± 
52 301±12 -130.3°± 2.2° 326±14 -119.5°± 2.4° 278±13 -134.1°± 2.6° 264±16 -123.7°± 
K2 47± 9 -125.1°± 11 • 5° 60±11 -136.8°± 1 0.1 ° 36±10 -172.5°± 15.0° 35±13 -173.2°± 
51 119±83 167.9°± 40.6° 220±114 48.7°± 29.1° 58±86 - 52.4°± 86.1 ° 188±108 -147.8°± 
K1 25±53 14.6°±120.6° 1 68± 69 37.7°± 23.6° 139±52 86.2°± 21 • 7° 104±65 93.1°± 
p1 10±58 -118.8°±330.9° 75±77 83.0°± 58.7° 110±59 - 5.5°± 30.6° 86±73 -107.5°± 
01 79± 51 -141 .8°± 37.3° 197±66 45.3°± 19.3° 21±50 -120.3°±.1]7.1° 144±62 126.7°! 

A:amplitude,in ~bar o(A):R.M.5. a:phase o(a):R.M.S. 

o(a) 

40.8° 
39.3° 
3.6° 

20.6° 
32.7° 
35.9° 
48.2° 
24.7° 



Intermediate 
well 
tuf of Lincent 
aquifer 

Deep well 
bedrock 
aquifer 

-

TABLE 5.7. 

Various parameters values for the well-aquifer systems 
("intermediate well - tuf of Lincent aquifer" and "deep well-bedrock aquifer") 

at ROB 

>. >. 
+1 >. +1 
•.-i -4J •.-i ..... •.-i > U) -4J •.-i u ..... ,..... •.-i U) 

U) 1:2 ,0 •.-i w - •.-i ... U) ....... :::1 
w >. w •.-i 11-4 tlO _. .0 I U) ... ...... 
J2 +1 ...... ..... U) ....... ...... 10 I 10 U) .,..., I "'0 .,..., 1:2 tJ 10 VI ... u 1... E! Q.l E! E! U) 10 

0•.-i u Q.l L. u- Ill I 
8.~ 

...._. s '-' Ill M ...... s 0 11111-4 ..... 1... :z " Q.l 0 ~ s -t=:P 1... 111'1-4 t: p. M t/)111 tl) p.. ~ 
.._, .-.s 

0 0 •o-1 w 11. e E! 1... ..... '-' 
P.. & oo...,.. w 0 ........ f-o I- w 1111< 

p.. u > u lj 3& 1... 

-

10.50 33 '1 0.27 6.30 10-10 9.6 10-6 2.47 10-5 25.9 10-5 0.10 

26.00 9 '1 0.29 7.76 10-11 1.0 10-6 4.44 10-5 114.4 10-5 0.10 

w 
> ..... -.V+J s u..:: 
WtlO 

.._, 
'I-t ...... 
11-<W :-1 ~..c: 

5.5625 

12.4375 



TAB L I 5.8. 

BAROMETRIC EFFICIENCIES !BEl and TIDAL EFFICIENCIES ITEI of the two confined wells at ROB. 

INTERMEDIATE AQUIFER DEEP AQUIFER 

111ean values •e~m values 

!BEl observed 
0.123 0.446 

IBEI theoretical 
0.155 0.347 

by (1) 

jTEI observed 
0.793 0.545 

jTEj theoretical 
0.845 0.653 

by (2) 

I IBEitheor + ITEI theor = 1 I 
jBEiobe + ITEiobe • 0.916 I IBEiobe + ITEiobe .. 0.991 

1 

( 1) BE = ( 2) TE = 
a + 
~ + 



TABLE 5.9. 

Amplification factors (A observed and A) and phase lags ¢ values for 
the M2 And 01 waves in the two confined wells at ROB. 

l'h Ot 

A 0.9977 0.9989 

Intermediate 
well A-Aobs 10-BA 10-9A 

¢ 1°15 0°59 

A 0.9995 0.9998 

Deep 
well 

A-Aobs 10-7A 10-8A 

¢ 0°30 0°15 



(I 

"' INTER- kera.., 
MEOI All:: H 

B 

Wlll $6 

(I 
Ill 

DEEP kera 
Ill 

WELL He 
¢ 

TABLE 5.10. 

Calculated water-levels phase lags <!>values by(5.37l in the intermediate and in the deep wells, 
for the M2 and Ot waves, as functions of the effective radius re ; ker a,., is the real part 

of Ko (awi ~). modified Bessel function of second kind of order zero; 
a,., = r,., ( w S/T)~. The Ow and ker aw numerical values are cut. 

r e =r"' =0 .1 m r e = 0.20m r e = 0.40 m r e "' 0. 50 m re = 0.60 m 

1'12 o, 1'12 o, 1'12 o, 1'12 a, 1'12 a, 

0,000739 o.a00512 a;001478 0,001025 O.Oa2956 0 .aa2o5a o.aa03694 o.a02563 o.a02217 a.ao3a75 

7.326144 7,697a47 6,632996 6,998840 5.939850 6,3a5693 5.716750 6.082552 5.534385 5.9a0228 

5.5625 5.5625 4,3437 4. 34 37 4.039a 4.a390 4,0a25 4.0a25 3.9826 3.9826 

1°14 QD57 4°11 2°09 14°43 7°49 2P16 1P2 28°35 1 5° 47 

M2 a, 1'12 o, M2 a, 1'12 a, 1'12 a, 

0.000178 0.000123 0,000357 0.000247 0,000714 o.oa0495 0,000893 a.oaa619 a .a at a72 o.aa0743 

8,745762 9.111562 8,052615 8,418415 7. 359466 7,725268 7.136325 7,5a2125 6.953497 7. 319803 

12.4375 12.4375 10.4218 10.4218 9.9179 9.9179 9,8575 9,8575 9.8246 9.8246 

0° 31 0°16 1°13 0D57 4°13 2°09 6°25 3°1 7 8°74 4°45 



waves 

Ey 
(10-8) 

Ss/0o 
(1Q-6ar1) .. 
N.K. (1984) 

Ss 
(1Q-6arl) .. 
Bred (1967) 

Ss/0o 
(1Q-6arl) .. 
N'.K. (1984) 

TABLE 5.11. 
In situ parameters S8 , S8 /00 values determination for the two confined 

aquifer layers at ROB from the well tidal observations and 
from the barometric effect in the wells. 

INTERMEDIATE AQUIFER DEEP AQUIFER 

Kt Ot M:~ N:~ S:~ Kt Ot M:~ N':~ 

1.2 0.86 0.83 0.16 0.38 1.2 0.86 0.83 0.16 

4.6 4.6 4.6 4.6 4.6 5.2 5.4 5.2 5.1 

12.8 10.2 11.2 9.4 8.7 1.4 1.2 1.5 1.6 

Mean values Mean values 

4.6 (la) 5.3 (lb) 

S:~ 

0.38 

5.3 

1.1 

------------------- ------------------------------------------- ------------------------------------------------

.. .... 

Sa 
(10-6ar1) 

Sa 
(1Q-6ar1) .. 
Bred (1967) 

Sa 
(1Q-6art) 

** 
Bred (1967) 

Sa 
(1Q-6ar1) 
definition 

1.5 (2a) 

10.5 (3a) 

12.0 (4a) 

9.6 (Sa) 

""* 

"'** 

esti.ation froa tidal response observation 
estiution froa baro.etric response observation 
Hydrogeological definition 

0.5 (2b) 

1.4 (3b) 

0.9 (4b) 

1.0 (5b) 

N .K. • Ncarashlhan '& Kanehiro 
Bred • Bredehoeft 
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Fig.5.5.0bserved tidal oscillations in the deepest well at 
ROB after having removed the barometric effect. 
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Fig.5.6.Dbserved tidal phenomena in the intermediate well 
(curve 1) and in the deep well (curve 2) at the 
same scale after having removed the barometric 
effect at ROB. 


