
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Multi-layer population of boreholes with pore pressure probes 

Population multicouche des trous de forage par des sondes de mesure de pression poreuse 
 

Petr Cernoch, Jiri Kostal 

INSET s.r.o., Lucemburska 1170/7, 130 00 Prague, Czech Republic, European Union, cernoch.petr@inset.com 

 

ABSTRACT:  
The pore pressure probes installed in piezometer boreholes in coal mine foothills can be used to monitor the changes in the level of 
underground water to prevent mine flooding associated with saturated sands uncovered by mining processes. Six monitoring deep 
boreholes were set up – at first, the drill holes were used as exploration wells aiming to explore the geological structure (80 – 160 m 
under the terrain) and soil samples were extracted to determine basic geotechnical parameters in laboratory tests. Geophysical well-
logging was performed to determine the placement of vibrating wire probes (VWP). In the second phase, the VWP were put in a 
single borehole in multiple layers of different depth. The population of the VWP was a unique worldwide. Indeed, the VWP were 
populated in 2-to-4 layers of a single probe and in significant depth (23 – 122 m below the ground). A new method of multi-layer 
VWP settlement, combining traditional and modern approaches, was designed. Cables from the VWP were finally brought together 
into a central measuring station with continuous remote data transfer. The efficiency of all the measuring devices was proven via 
long-term and repeated measuring. Finally, the probes were integrated into existing monitoring system of the mine foreland area. 

RÉSUMÉ :  
Les sondes de pression des pores installées dans les trous de piézomètres dans les contreforts des mines de charbon peuvent être 
utilisées pour surveiller le changement dans le niveau des eaux souterraines afin de prévenir les inondations minières liées aux sables 
saturés révélées par les extractions. Six forages profonds ont été mis en place. Au départ, les forages ont été utilisés pour explorer la 
structure géologique (80 à 160 m) et des échantillons de sol ont été extraits pour déterminer les paramètres géotechniques en 
laboratoire. Une analyse géophysique a été effectuée pour déterminer la position des sondes à fil vibrant (SFV). Deuxièmement, les 
SFV ont été placés dans un seul trou de forage en couches de profondeur différente. La population du SFV était unique dans le 
monde. Les SFV ont été mis en 2 à 4 couches d'une sonde, en profondeur significative (23-122 m sous le sol). Une nouvelle méthode 
de population SFV multicouches, combinant des approches traditionnelles et modernes, a été conçue. Les câbles de SFV ont été 
regroupés dans une station de mesure centrale avec transfert continu de données. L'efficacité de tous les appareils a été vérifiée par 
des mesures à long terme et répétées. Enfin, les sondes ont été intégrées au système de surveillance existant des mines de surface.     
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1  INTRODUCTION 

There is a high risk of mine flooding associated with the 
process of surface lignite mining which disrupts the position of 
saturated sands in foreland. To avoid the safety risk, the area of 
interest needs to be monitored in the long-term perspective and 
in many cases it needs to be drained. 

A direct method can be used to monitor individual, deeply 
stored saturated sand layers. This method consists of setting up 
several hydrogeological wells with different depth of 
perforation (for monitoring different aquifers). On the other 
hand, for measuring the changes in the level of underground 
water other method, non-direct, using the pore pressure probes 
on a continuous basis installed in different depths within one 
diaphragm piezometer borehole, can be used as well. 

The use of multi-layer population of vibrating wire probes 
(VWP) set up in one monitoring borehole (Fig. 1) can save time 
and money distinctly. 

1 .1 Traditional vs. Modern approach of VWP installation 

The key point of VWP installation is the placement of the 
sensor into the drill not to allow for connection of separated 
aquifers.  

The volume of sand surrounding the intake filter is a 
necessary, integral part of the classic open standpipe piezometer. 
The larger the sand volume, the more rapidly water can be 
delivered to the standpipe to equalize pressure changes. In 
contrast, when diaphragm piezometers are utilized to measure 
piezometric head, only an infinitely small volume of water is 
required to activate the sensor diaphragm. 

 
Figure 1. Fully grouted borehole FGB1 with multi-layer population 
of vibrating wire probes (VWP1-4) settled in deep sand formations. 
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 Conventionally, the VWP are surrounded with sand (sand 
pocket, sand seal) and separated by bentonite (Dunnicliff 1988, 
1993). This is rather time-consuming and in case of multi-layer 
population of VWP it is almost impossible for realization. 
Proper isolation of the piezometer sensor intake along the 
length of the borehole is necessary in order to obtain a correct 
pore water pressure measurement. 

In contrast to a traditional way of installation it can still be 
achieved by fully grouting the borehole – the grout itself forms 
an adequate low permeability seal (Fig. 1).This idea is quite old 
(Penman 1961 and Vaughan 1969) and even if it was published 
several times so far (McKenna 1995, Mikkelsen 2003, 
Contreras et al. 2007 and Simeoni et al. 2011), it is still being 
forgotten in common practice. 

We decided to combine both approaches in our experiment. 
We applied a quick and easy installation using the fully grouted 
method, enclosing the VWP into sand-filled woven geotextile. 
Only after that, the VWP was embedded in the defined depth 
and filled with cement-bentonite grout. 

1 .2  Theory, field and laboratory tests 

Theoretical and experimental results of a field test in low 
permeable London clays made on open standpipe piezometer 
and diaphragm type piezometer (Penman 1961) showed how 
little time was required to equilibrate diaphragm sensors and 
that they responded in a matter of minutes or less. Penman 
demonstrated that a vibrating wire piezometer responds 
extremely rapidly if embedded directly in a clay material 
similar to bentonite. Therefore a diaphragm piezometer in the 
borehole should be surrounded by a cement-bentonite grout 
with a similar low permeability. 

A saturated clay layer initially responds to an applied stress 
increment, Δσ, by an increase in pore water pressure, 
throughout the layer. 

 
Δu = Δσ   (1) 
 

Vaughan in 1969 established that for very small diameter 
standpipe piezometers the grouted section of the borehole can 
have a permeability greater than one or even two orders of 
magnitude higher than the surrounding formation without 
degrading the measured pore water pressure.  

This is particularly significant in fat clays formation with a 
permeability of ≤ 10–8 cm/sec. Use of a higher permeability 
borehole seal is possible because of the much higher horizontal 
hydraulic gradients adjacent to the piezometer than the vertical 
gradients along the grouted borehole. Also, radial pressure 
gradients from the borehole wall to the piezometer are normally 
one to several orders of magnitude greater than those produced 
vertically from the sensor to some point many meters above in 
other strata (Mikkelsen 2003). Radial pressure gradients will 
control piezometer response. 

Response field tests (Penman 1961, McKenna 1995, Tofani 
2000, Mikkelsen 2000 and Simeoni 2011) all show that VWP 
embedded in cement-bentonite grout stabilize after a pressure 
change in a matter of seconds to several minutes. The volume 
of fluid displaced at a vibrating wire diaphragm during a 
pressure change is extremely small, so that system equilibrium 
is rapid. During reading, no actual displacement of the 
diaphragm occurs. A vibrating wire probes should be installed 
upside down, fastened to its cable and flooded with water to 
discourage air from collecting against the diaphragm 
(Mikkelsen 2003). 

The laboratory testing aimed at investigating the role played 
by the grout in controlling the response time of fully-grouted 
diaphragm piezometers (Simeoni 2011) showed that a typical 
water pressure response time of a laboratory grout sample 
(mixture of water, cement and bentonite) is about seconds to 
first minutes. If the response time was simply depending on the 
equalization volume of the transducer diaphragm, the response 

time would have changed only with the sample height. 
Therefore, the dependence on the water pressure should be 
explained by assuming the soil is quasi-saturated, where the 
assumptions of incompressibility and saturation of the soil 
could not be valid, and more correctly the equation of 
continuity for the one-dimensional flow should be written 
taking the volumetric water content into account. Simeoni in 
2011 wrote the equation of continuity as: 

 
 
    (2) 
 
 

where ue is the excess water pressure at time t and position z, 
kg = kg (ϑ) is the hydraulic conductivity at the volumetric water 
content ϑ. If for the sake of simplicity both kg and ∂ϑ/∂ue are 
assumed constant for a given range of excess water pressure ue, 
equation (2) reduces to the equation: 
 
 

(3) 
 
 
This equation is similar to the well-known Terzaghi’s equation 
for one-dimensional consolidation (Terzaghi, 1923), and the 
solution relies on the value of the coefficient of consolidation 
cv: 
 
 

(4) 
 
 
According to equations (3) and (4), the response time may be 
(for height sample H) evaluated as: 
 

t95 = 1.129.H2/cv  (5) 
 

1 .3  Field of interest, aims of the experiment 

The field of interest is located in foreland/foothill of the surface 
lignite mine, in a place with a spoil heap 60 m deep, mainly 
composed of clays. Underneath the spoil heap, there is a thick 
stratum of tertiary clays, with siltstones and claystones. There 
are smaller layers of saturated sand and coal here and there in 
the clays (Fig. 1). 

Since saturated sand layers threaten the coal mining, we 
want to monitor their groundwater heads changes, using the 
VWP. 

Six monitoring diaphragm piezometers were set up (in 
depth of 80 to 160 m) – at first, they were used as exploration 
boreholes aiming to explore the coal seam and the geological 
structure. Then soil samples were extracted to determine basic 
geotechnical parameters in laboratory tests. Geophysical well-
logging was performed to determine the placement of VWP. 

In the second phase, the VWP were put in a single borehole 
in multiple layers of different depth. The VWP were populated 
in 2-to-4 layers of a single probe and in significant depth (23 – 
122 m below the ground). A new method of multi-layer VWP 
settlement, combining traditional and modern approaches, was 
designed. 

One borehole, located in landfill (spoil heap), was already 
drilled several years ago. It was used as a monitoring 
hydrogeological borehole – open standpipe piezometer. Four 
VWP were installed into the borehole in layers of different 
depth. Cables from all VWP were finally brought together into 
several central measuring stations with continuous remote data 
transfer. 

For our experiment, we chose a place, next to two older 
standpipe piezometer boreholes (Fig. 2). VWP were installed 
into four different depth layers (VWP1-4) of a new borehole 
FGB1. Piezometer FGB1 was fully grouted the same way as the 
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  remaining boreholes. The goal of the experiment was to check 
the functionality of multi-layer population of VWP, in other 
words the relevance of groundwater levels measurement. To 
achieve that, the groundwater levels measurement from the two 
neighboring standpipe piezometers, equipped to monitor 
different aquifers – SP1 monitoring GWL1 and SP2 for GWL3 
(Fig. 2), were used for comparison. The groundwater levels 
GWL1 and 3) measured in VWP1 (25 m) and in VWP3 (73 m 
under the terrain) were compared. 

Figure 2. Schematic 3D view of the area of interest 

2  INSTALLATION 

The sensor must be checked and tested before embedding the 
VWP into the borehole. It is very important to fill out the space 
between outer filter area and measuring diaphragm (airfree) 
with a hydraulic filling medium – silicagel (Fig. 3).  The flat 
filter from sintered metal at front place (the attachment) must be 
submerged as well. It takes a few minutes until the capillaries 
dispel the air. Then it can be re-assembled, the sensor is 
rechecked and then it can be embedded into the borehole, in 
upside down position. 

As a practical matter, lowering a VWP down a water or 
mud-filled borehole usually requires added weight to keep the 
cable or tube straight and counteract buoyancy and borehole 
stickiness. That is why we used a short length of re-bar attached 
to the VWP.  

With respect to conventional ways of installation, we 
decided to combine traditional and modern approach. Therefore 
we enclosed the sensor in a 7 to 10 cm diameter, sand-filled 
geo-textile (Fig. 3), but the borehole was fully grouted with no 
use of bentonite or sand seal. This arrangement facilitates the 
pore pressure transfer from the surrounding groundwater to the 
sensor. The response time is shortened compared to the fully 
grouted diaphragm piezometers without sand-pockets. 

2 .1  Vibrating wire sensors and readout unit 

All boreholes were using vibrating wire probe: type Glötzl PP3 
SS (pore-water pressure sensor–piezometer). The piezoresistive 
vibrating wire type of piezometer is used to monitor pore-water 
pressures. The pressure sensor of the standard piezometer is 
encapsulated in a waterproof housing with a diameter of 30 mm 
and a length of 160 mm. The piezometer converts pore-water 
pressure to an output signal proportional to the measured value 

via a filter and via the diaphragm of the pressure sensor. The 
filter area is about 5.5 cm2. It works within a temperature range 
from -20 to +80 °C with operating frequency 2.0 – 3.3 kHz and 
measuring ranges from -0.5 to 750 bar. 

A portable measuring device developed by INSET s.r.o was 
used as readout unit checking proper functionality of the 
installed VWP. It is suitable for all types of vibrating wire 
piezometers and works on the pluck and read principle in which 
a swept-wave spectrum of frequencies is transmitted to the 
electronic plucking coil in the sensor which start the wire 
vibrating at its resonant frequency. In conjunction with 
permanent magnet it becomes a sensing coil and transmits a 
sinusoidal output voltage, having the same frequency as the 
VW, back to the readout box and it is displayed on a LCD 
readout panel. This unit measures 400 to 6.000 Hz, 5 V square 
wave (f2) with 0.1 µs resolution. 

All cables from VWP were brought together to three central 
measuring stations nearby, Glötzl type. For the open standpipe 
piezometer, situated in the spoil heap, the micro-measurement 
station, developed by INSET s.r.o., with continuous remote data 
transfer (modem suitable for SIM cards), was used. It can 
supply up to 10 VWP sensors, and operates with external 
NiMH battery. 
 

Figure 3. Preparation of the vibrating wire probe. 

2 .2  Borehole realization and construction 

Six diaphragm piezometers were made by rotary system with 
drill mud and temporary casing – 216/178 mm in diameter. The 
deepest parts were drilled as uncased boreholes, the bottoms of 
the boreholes ended with drill bits 156 mm in diameter. In the 
parts of lignite, a double-drill was used. To these boreholes 
were installed multi-layer VWP in 2-to-4 levels. Final 
construction of the diaphragm piezometers was realized as fully 
grouted boreholes with no sealing or casing. 

The monitoring borehole in spoil heap was set up with PVC 
casing 125 mm in diameter few years ago. In this borehole, 
there were four VWP installed in different depths (23, 38, 54 
and 73 m bellow the ground). The parts in-between VWP were 
fully grouted with cement-bentonite grout (same as for the 
previous six boreholes). 

2 .3  Cement-bentonite grout 

In fully grouted piezometers, the proper grout preparation is 
crucial. It is important to keep these principles: 1. grout mixes 
(water-cement-bentonite) should be controlled by weight and 
proportioned to give the desired strength of the set grout, shall 
rest for a curing time of min.28 days; 2. high attention should be 
taken to separating the cables around the pipe in order to prevent 
any seepage path along a bundle of cables; 3. mixing the cement 
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 with the water first; 4. never mix the water and bentonite powder 
first (as recommended by Dunnicliff 1988, 1993); 5. never use 
hydrated bentonite with cement added last (common practice). 

We prepared cement-bentonite grout for medium to hard 
soils (geological profile was created mostly by claystones and 
siltstones). The grout had following properties: ratio by weight 
(water/cement/bentonite): 2.5 to 1.0 to 0.3, portland cement 
type 32.5 R was used. This mix should have compressive 
strength about 50 psi and modulus about 10,000 psi and it 
should reach hydraulic conductivity with constant value 
1.3 x 10-10 m/s after 28-day of curing. 

3  CONCLUSION 

The data from measurement of both VWP (FGB1) and of 
groundwater levels from traditional hydrogeological boreholes 
in the area of interest (SP1, SP2) are summarized in the 
following figure (Fig. 4). The measurements show substantial 
correspondence between the two probes measuring the same 
aquifer (sandy layer position). The first level of groundwater 
lays in 25 m underneath the surface (GWL1 and SP-1) and the 
second level in 47 m below the surface (GWL3 and SP-2). 

The final results are identical, the difference in direct and 
non-direct measurement amounts to first units of cm. These are 
negligible with respect to the requirements of the measuring 
system. Moreover, the measurements show that VWP probes 
were activated in about 2 months after installation. The curve 
(Fig. 4) has the same shape as mentioned for example by 
Mikkelsen (2003). 

Response time was shortened by using geotextile filled with 
sand around VWP in fully grouted piezometers. This solution 
combining traditional and modern approach to installation 
enabled faster pore pressure transfer from the surrounding 
groundwater towards the sensor. 

 

Figure 4. Graph comparing GWL measurement using VWP in FGB1 
and neighbouring standpipe piezometers. 

 
The proper functioning of all VWP installed was checked 

for all probes by repeated and long-term measurement. All the 
probes were integrated into existing monitoring system of the 
mine foreland area. 

Based on results achieved, we can conclude on our 
successful system for installment of VWP into borehole. 
Vibrating wire diaphragm piezometers can be more simply 
installed directly surrounding them with cement-bentonite grout 
in the borehole. There is no need of sand and bentonite sealing, 
the use of geotextile filled with sand around VWP helps to 
stabilize all the system. 

This solution with modern approach is much easier, faster 
and has a much better chance of succeeding in measuring the 
correct GWL than the conventional way. A fully grouted 
diaphragm piezometer is simpler and easier to install and 
therefore is more reliable. It saves considerable field installation 
time and is less costly. There is no need for traditional isolation 
of sandy layers. At the same time, substantial cost cuts were 
achieved thanks to installment of four sensors into one single 
borehole (instead of multiple) in depth surpassing 100 m. 

It is important to mention, that the installment crew must 
maintain strict discipline during the sensor installments into the 
boreholes. It is especially important with respect to four cables 
in single borehole during removing its temporary casing. 
Therefore, we recommend, as part of the installment process, to 
regularly perform control measurents to check the VWP proper 
functioning and to work out the cable anchoring in detail.  
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