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In situ measurement of local saturated permeability of compacted clayey soils by
means of minipiezometers 

Mesure “in situ" par minipiézometres de la perméabilité saturée locale de sols argileux compactés

C.Mata & A. Ledesma -  Dept, of Geolechnical Engineering and Geosciences, Technical University of Catalonia (UPC), Barcelona, Spain

ABSTRACT : One o f the most important parameters for studying the barrier's behaviour in waste disposal facilities is the hydraulic 
conductivity. In this context, a new  mini-piezometer has been developed to estimate the in situ local saturated hydraulic conductivity. 
With this new  sensor, pulse tests and constant head tests can be carried out in saturated clayey soils with low permeability. This mini- 
piezometer has a  pressure transducer inside. Focusing on the variable head test, the experimental data obtained from the pulse tests 
allows the estimation o f the saturated hydraulic conductivity. In order to check the usefulness o f  the procedure, these tests have been 
performed in laboratory, and the value o f saturated permeability o f  a compacted soil has been estimated by backanalysis.

RÉSUMÉ: Un des paramètres les plus importants dans l ’étude du comportement des barrières ouvragées autours des dépôts de 
déchets est la conductivité hydraulique. Afin d ’en estimer la valeur in situ, un mini-piézomètre a été développé. Ce nouvel appareil 
permet la réalisation d ’essais par pulsion et d ’essais à charge constante dans les sols argileux à faible perméabilité. La pression d ’eau 
est mesurée à l’aide d ’un capteur interne de pression. Cet article se centre sur l’obtention et l’interprétation des résultats expérimen
taux de conductivité hydraulique à partir d ’essais par pulsion. Plusieurs tests ont été réalisés en laboratoire et la valeur de la conducti
vité hydraulique calculée par analyse à rebours. Qs démontrent l’utilité de la méthode.

1 INTRODUCTION

In the past few years, considerable hydraulic testing research has 
been carried out in  low permeability media like highly com
pacted clayey soils (bentonites) as natural barriers for nuclear 
wasted disposal sites. A  new mini-piezometer has been designed 
and built (AITEMIN, 1999) to assess the saturated permeability 
of a compacted soil by means o f  pulse tests. So the goal o f this 
new system is to carry out pulse tests in  highly compacted clays.
The pulse test is essentially a modification o f the conventional 
variable head test performed in boreholes in  order to  measure 
permeability o f  soils and rocks (slug test in the hydrogeological 
literature). From a mathematical point o f view, this problem was 
solved in  the geohydrological literature (Cooper et al., 1967; 
Bredehoeft and Papadopulos, 1980; Sageev, 1986) using the 
equations o f transient radial ground w ater flow for a homogene
ous and isotropic medium. Due to the small dimensions o f the 
sensor, the analytical solutions suggested by Gibson (1963) in 
spherical symmetry (transient spherical ground water flow for an 
elastic, homogeneous, and isotropic medium) provide a more 
adequate basis for preliminary design and treatment o f the ex
perimental data. However, some modifications are needed in 
Gibson’s model to describe correctly a pulse test.

The involved factors to take into account when performing pulse uj
tests are the system flexibility (it includes water compressibility, §
tubes flexibility and piezometer flexibility) and the soil proper- £
ties (compressibility and permeability). The correct determina- £  
tion of the system flexibility is very important in  the analyses.
Assuming this parameter known, the pressure dissipation (or re- >
covery) is related to the hydraulic conductivity and the com- £  
pressibility o f the soil.

2 PULSE TESTS - SENSOR DESIGN

The pulse test (Bredehoeft and Papadopulos, 1980) was devel
oped as a modification o f the conventional slug test or variable 
head test in boreholes (Cooper et al., 1967). Neuzil (1982) modi
fied it by introducing the compressibility in  the shut in well. In

the injection slug test, water flows from the well to the formation 
w ith a rate equal to the water volume decrease in  the opened 
borehole well. However, in  the injection pulse test, water flows 
(from the well to the formation) with a rate controlled by the 
volume o f water stored within the pressurised system (or shut in 
system) as pressure within the system decreases. Then, water 
compressibility plays an important role into the system flexibil
ity. Withdrawal tests can be easily performed too, but in this 
work only injection tests have been studied.

The main advantage of the pulse test i f  compared with the falling 
head test or slug test is that first one can be conducted within a 
relatively short period o f tim e in low permeability media. Figure 
1 shows a typical test pulse. The initial liquid pressure is P0 and 
Pm is the maximum pressure into the well.

The developed sensor has cylindrical form with a total length of 
18 cm and a diameter o f 5 cm. It has a ceramic annular ring of

Figure 1: Typical injection pulse test (Grisak et al., 1985).
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Figure 2: Scheme o f  the pulse test with the control unit and acquisition system, the cell with the soil and the piezometer, the electric valve needed to 
get the shut in effect and the pressure systems.

high permeability (3T 0 -4 m/s) i f  compared with the soil. The 
body includes a miniature piezoresistive pressure transducer in
side. The sensor has two metallic tubes for water input and out
put, and an electrical cable for the pressure transducer signal A 
laboratory set up simulating field conditions has been developed. 
That system includes: two pressure systems, a flow-meter, a 
high-speed valve to get the shut in effect, a  cylindrical cell, the 
control unit and the acquirement system. Figure 2 shows the 
scheme o f the laboratory test.

W hen the soil sample is fully saturated the tests can be per
formed. A t first, a  pressure increment (or decrement) is applied 
inside the pressure system w ith the high-speed valve closed, the 
pressure in the pressure system is equal to P0 +  AP (AP can be 
negative). A t this moment the high-speed valve opens (con
trolled by a PC) until the pressure is equal to Pm (= P0 +  AP) in 
the pressure transducer. W hen the liquid pressure inside the pie
zometer is Pm, the high-speed valve closes. The sudden close of 
the high-speed valve introduces the influence o f  the water com
pressibility on the system flexibility and the sensor deformability 
in the test. The pressure transducer measures the evolution o f the 
pressure in the sensor and the results are recorded. The pressure 
at the outer boundary is prescribed in  the test w ith another pres
sure system. This is possible because there is a permeable mat 
between the cell and the soil.

3. MATHEMATICAL FORMULATION OF THE PULSE 
TEST

Due to the small dimensions o f the piezometer, the solutions 
given by Gibson (1963) for the variable-head test were used to 
solve this problem  The main assumptions made by Gibson 
were:

1. Soil is fully saturated and all gas inside the measuring sys
tem  is dissolved.

2. Spherical symmetry.
3. Soil behaviour is elastic, homogeneous and isotropic.

In these circumstances, the pore water pressure u (rj)  (and not 
the excess o f water pressure) depends on the radius r  from the

centre o f  the spherical element and the time t  which has elapsed 
since the initiation o f  the equalization process. This equalization 
process in  a variable-head test is governed by the consolidation 
equation in  spherical symmetry ( 1) and the initial and boundary 
conditions (2 - S). Figure 3 shows the case covered by Gibson (a 
standpipe in  an infinite medium).

Q S2u  2 3 u 1 5 u
( 1)

___________
3 r 2 r  S r N

c © II e © ( r > a ) (2 )

u(® ,t) = u 0 ( t > 0 ) (3 )

U( M )  = r „ h ( t )  ( t > 0)

4x&
k (c u

Xw I Sr
= A

dh

dt
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(5 )

W here, a  is the equivalent radius o f the end o f  the standpipe, A  is 
the cross sectional area o f the standpipe, h(t) is the height of 
water column inside o f the piezometer, C is the soil consolida
tion coefficient, Uo is the initial pore pressure in the formation, 
and k  is the soil permeability. Gibson defined the dimensionless 
stiffness fj  o f the measuring system by (6 ).

4?ra y v m
(6 )

dn
W here m  is the soil compressibility (m = -  ), n is the soil po-

dp

rosity and p' is the effective mean stress. Low values o f p  corre
spond to very flexible systems or very rigid soil skeletons, and 
high values o f p  correspond to very rigid systems or a very 
flexible soil. This dimensionless stiffness depends on the soil 
compressibility m, the geometry o f  the tip and the system flexi

bility A. The theory developed by Gibson needs two modifica
tions to take into account correctly the effect o f the water com
pressibility. The consolidation coefficient defined previously, C

= -------, and the dimensionless stiffness have to be changed in-
m r*
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Figure 3: Pore-water pressure distribution around an ideal spherical pie

zometer tip (Gibson, 1963).

troducing this factor. Considering the variation o f the stored 
water in the soil skeleton related with changing pore water pres
sure, the specific storage coefficient, Ss, may be expressed as 
(Narasimhan et al., 1980)

Ss =Xw(nc w + m) = 7 'w m ‘ (7)

Where yw is the water specific weight and c„ is the water com
pressibility. Thus the consolidation coefficient is modified as

c =

m rw
(8 )

A dh A \
-- A —  = lim --------;

dt /#->o A \
i ^ 7  = W w ^ ( 9) A->0 At at

Incoming volume

V(cnf) = 0.0669 * t (h)+ 1.96

Outgoing volume

V(cm‘)  = 0.0590 * t (h)+ 0.34

9:00 hours A M

r
72 96 120 

t  ime (h)

Equation (5) represents the continuity o f w ater between the 
standpipe or system and soil, but i f  the system is shut in, the 
system flexibility, f obj, is modified introducing the amount o f 
water, AV, flowing into the soil in  a time increment, At.

Where f0hs is the system flexibility (it includes the sensor and 
tubes deformability and the water compressibility). Then, re 

placing A  by f 0b,y„ and introducing the adequate intake factor F  
for the mini-piezometer into the cell, dimensionless stiffness is 
modified and expressed by (10).

(10)

System flexibility, is obtained during the test, if  the amount 
of water needed to carry out the test, AV, and the pressure varia

tion induced, Au, are known (Neuzil, 1982).

Figure 4: Results o f  the constant-head test carried out into the cell.

size o f 20 mm (30/70 respectively in weight). This mixture has 
been proposed as a backfill material in radioactive waste dis
posal facilities in Sweden. Soil sample has been compacted dy
namically into the cell (the energy provided w as 356-8 kJ/m3 «  
63% of normal Proctor’s energy). The initial conditions were 
water content o f 12-51% (degree of saturation o f 0-52), dry den
sity o f  1-63 g/cm3 and a porosity o f 0-391. The saturation process 
o f the soil sample lasted five months. A  constant-head test was 
also performed to compare the results obtained with both kinds 
o f tests. There is a permeable mat at the outer boundary o f  the 
soil sample. This mat allows doing the constant head test fixing 
two different liquid pressures, one at the contact between the 
sensor and the soil, and the other one between the soil and the 
mat. Liquid pressure in the sensor was 750 kPa and 700 kPa at 
the outer part o f the soil sample. A t the steady state the water 
flow was l-86e"n m3/s (0.0669 cm3/h), and the saturated hydrau
lic conductivity, back calculated by m eans of Code_Bright, was 
5-5e'12 m/s. Figure 4 shows the result o f the constant-head test 
performed. The outgoing volume is slightly affected by the small 
volume variations o f the cell due to daily temperature variations. 

Figures 5 and 6 show two pulse tests performed and compared 
w ith obtained ones by modified Gibson’s theory. The initial 
pressure within the cell is 700 kPa and this pressure is kept con
stant in the extern boundary. At the beginning o f  the dissipation 
processes, curves provided by Gibson’s model do not match very 
well. This is due, probably, to differences between considering 
spherical flow or radial flow. Estimated parameters assuming ra
dial flow might be slightly different; nowadays this is being 
studied. Table 1 shows the initial and maximum pressures in 
each test performed and the volume o f water added to the sys
tem, and table 2 shows the parameters back estimated by means 
o f  least squares procedure assuming spherical flow (Ledesma et 
al., 1996). Hydraulic conductivities assessed by pulse tests are in 
good agreement with the value calculated w ith the constant head 
te s t The backanalysis procedure indicates that when mechanical

Note that for a spherical tip the intake factor is F = 47ta, but this 
is not the case due to the radial symmetry o f  the problem. Due to
the small size o f the cell and boundary conditions the intake Tab,e 1: “ d “ um m/ olved m * *  ,ests PCT'
factor experiments important changes i f  compared with obtained formed’ and * *  amount of waler addedto ^  system-
ones with the usual expressions in infinite medium (Brand & .....i*iise............... p .................. p .................. a v ..................L ..............
Premchitt, 1980). Therefore, the intake factor was calculated /v p n\
using C odeB righ t (Olivella et al. 1996) a finite-element code .........y.................7 0 3 ............. 803 9........... 102........... 1-010 ....
developed at UPC for solving thermo-hydro-mechanical coupled ^  70 9  802 4 90 0-963
problems. For this geometry and boundary conditions, the intake ....................................................................................................................
factor is F = 0-667 m, the value used in the calculations. . . .  . . , , „ , ,

Table 2: Results obtained using Gibson s theory for both pulses.

4. TESTS RESULTS ^ lse ^  mm ^  F m
(n r /s )  (m) (m/s)^ (m /N)

The soil employed in the pulse tests is a mixture o f  MX-80 so-  ̂ 2 0 8 9 e ^  75-857 0-667 8-34e ^  4-07e^

dium bentonite and crushed granitic rock with a maximum grain
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Figure 5: Pulse test (1) performed in the cell.
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Figure 6 : Pulse test (2) perform ed in the cell.
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5. CONCLUSIONS

The developed mini-piezometer has proven to be a sturdy device 
after two years working and it is able to measure a wide range o f 
hydraulic conductivities in clayey soils. The model provided by 
Gibson is able to fit the results reasonably. The back-estimated 
hydraulic conductivities are in good agreement with the expected 
values for yd = 1-63 g/cm3 and the value obtained with a  con- 
stant-head te s t Differences found at the beginning o f  the tests 
between the model and the real soil behaviour are attributed to 
the different symmetry o f the real problem in laboratory and the 
model and moreover, using a  model for an infinite medium in a 
finite medium (i.e. the cell). Pulse test is an easy and practical 
way to measure the local saturated hydraulic conductivity o f 
low-permeability formations, but mechanical information is 
needed to estimate correctly the soil or rock compressibility. 
M oreover, the developed mini-piezometer is an interesting de
vice to carry out flow tests in highly compacted clays. The use o f 
automatic back-estimation procedure is strongly recommended 
to process the results o f a pulse test and instead o f using the 
usual matching curve technique.
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