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Abstract 

The fully-grouted method for installing vibrating wire (VW) piezometers using a cement-bentonite grout mix has 

become widely used since its introduction in the early ̀ 90s. One of the main premises for a successful installation 

is that the grout used for sealing the piezometer should have a permeability similar to the surrounding soil or 

rock formation in which the piezometer is installed. 

A few authors have suggested specific maximum permeability ratios between the grout and the surrounding 

formations based on numerical modelling as well as field comparisons between fully-grouted piezometers and 

piezometers installed with the traditional sand zone and bentonite seal method. 

The paper summarizes the past literature that has introduced and then assessed the fully-grouted installation 

method and presents a few examples of 2D and 3D numerical modelling for further assessment of the grout 

permeability requirements in transient and steady flow conditions considering different permeability ratios 

between the cement-bentonite grout and the surrounding formations. Recommendations are then formulated 

for acceptable permeability ratios. 

Keywords: Fully-grouted piezometer, Cement-bentonite grout, Grout permeability, Piezometer installation, Pore 

pressure measurement 

 

1. Introduction 

Piezometers are used to measure groundwater pressure in soil and rock formations. Groundwater pressure is 

one of the main geotechnical parameters that can be measured as part of a geotechnical monitoring project. As 

a reference, other geotechnical key parameters include displacement (absolute or relative), strain, inclination, 

stress, earth pressure, force, velocity, acceleration and temperature (ISO 18674-1:2015). 

The concept of measuring groundwater pressure in earthworks, or at least measuring the elevation of 

piezometric surfaces in earthworks such as dams predates Terzaghi’s soil mechanics. For example, it is known 
that in the late nineteenth century, water observation wells were used in India to measure water levels in the 

foundation of irrigation dams built on alluvium (De Rubertis, 2018).  

Subsequently, hydraulic piezometers were developed in 1940 by the US Bureau of Reclamation for use in 

embankment dams and these types of piezometers have been used extensively in many of the dams that were 

built in the post-war period. Anecdotally, it can be mentioned that many hydraulic piezometers installed in the 

1960s are still being read by dam owners and are still considered reliable. Pneumatic piezometers were 

developed a few years after the hydraulic piezometers and have followed a similar trend of popularity and 

gradual reduction in use. Similarly, there are anecdotal reports of pneumatic piezometers having been read over 

several tens of years.  

Casagrande standpipe piezometers incorporating a porous filter at the end of a riser standpipe and a sealing of 

the borehole above and below using a bentonite seal, as described in Casagrande (1949) were also installed in 

numerous dams and other geotechnical projects all over the world and are still very commonly installed 

nowadays. Part of their popularity resides in the simplicity of the hardware, as well as the installation procedures 

which are rather similar to wells screens for water pumping boreholes, so that numerous drillers can easily install 

them. 

Electric diaphragm-type piezometers, very often using the vibrating wire measuring principle started also to 

become popular in the 1960s and 1970s, initially in Europe, until they started to be manufactured in America at 

the end of the 1970s and they became gradually the de facto type of piezometers installed in geotechnical 

projects from the early 1980s on. By analogy to the Casagrande standpipe piezometer installation method, 

vibrating wire piezometers were initially installed in a sand zone with a bentonite seal above and often also 
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below, in order to delineate a certain zone of interest in the borehole for which the pore pressure or water level 

measurement will be representative. Considering the small diameter of the vibrating wire piezometer, multi-

level installations, say up to 3 to 4 in the same borehole, each with its own sand zone and bentonite seal can be 

considered, but in the same way as multi-level Casagrande standpipe piezometer installations, increasing the 

number of sealed zones increases also the risk of installation deficiencies that can create hydraulic connectivity 

between the zones and thereby defeat the purpose of the multi-level installation. 

Although the above-mentioned risk of deficient multi-level installations may not have been the only incentive 

for developing the fully-grouted piezometer installation method described in the following section, one can 

imagine that the development of a method that would make such multi-level installation easier was one of the 

incentives. 

 

2. History of the fully-grouted piezometer installation method 

The fully-grouted method of installing vibrating wire piezometers can be traced back to a technical paper by 

Vaughan (1969) who suggested using a cement-bentonite grout as sealing material for multi-level standpipe 

piezometer installations and developed analytical solutions to calculate the error resulting from the difference 

in permeability of the grout and the surrounding soil under steady flow conditions.  His objective was to develop 

a multi-level installation method in small diameter boreholes that would be easier to do as compared to multi-

level installations using multiple sand zones and bentonite seals. The paper concludes that in certain 

configurations, the permeability of the grout can be several orders of magnitude higher than the soil without 

resulting significant error in the piezometric elevation measurements. 

A second technical paper of importance is McKenna (1995) where he describes laboratory and field tests of fully-

grouted piezometers, including successful comparative field tests with standpipe piezometers and provides 

various recommendations on the proper use of the fully-grouted method. One of his main recommendations, 

which has apparently remained overlooked in the subsequent implementations of the fully-grouted method, is 

that the cement-bentonite grout should be less permeable than the surrounding soils. One of his observations 

is that “if any hydraulic gradients exist between layers penetrated by the borehole and the grout is more 
permeable than the formation, large errors can result and these errors are difficult to predict. He adds that 

“Dunnicliff (1993) suggests that using grout that is more permeable than the formation is only applicable for 
units of uniform properties, such as a dam clay core or other uniform fill”. And he concludes that “in general, all 
seals for all piezometer types must be less permeable than the formations intersected by the borehole”. 

The technical paper that definitely “put the fully-grouted method on the map” is from Mikkelsen and Green 
(2003). It reviews the available previous literature and formalizes the suggestion of grouting vibrating wire 

piezometers with a cement-bentonite grout, considering the very small diaphragm displacement required to 

properly measure rapidly pore pressure changes, even in cases where the piezometer is grouted in low 

permeability clays. However, the authors state that “Radial pressure gradients will control piezometer response” 
and that vertical gradients along the grouted borehole will not affect the piezometer response. The authors of 

this paper do not agree with this latter statement and believe on the contrary that it is important to minimize 

the radial pressure gradient to the borehole otherwise the hydraulic head, and therefore the pressure head in 

the borehole will not be the same as in the surrounding soil, thereby creating errors. Mikkelsen and Green (2003) 

take the example of two piezometers grouted in superimposed silty clay and silty sand formations under a 

perched water table, with permeabilities of 10-7 cm/sec and 10-4 cm/sec using a grout of 10-5 cm/sec 

permeability and conclude that both piezometers will correctly measure the pore water pressure in the adjacent 

formations. It should be noted that this statement appears to have been made without supporting numerical 

modelling or other experimental or theoretical supporting material.  

Mikkelsen and Green (2003) have also suggested two cement-bentonite grout mixes for “Medium to Hard Soils” 
and for “Soft Soils”, with water, cement and bentonite materials weight ratios of 2.5:1:0.3 and 6.6:1:0.4 

respectively. These two grout mixes have become widely use in practice. The authors attribute the following 

properties to the two grouts: 28-day compressive strength of 350 kPa similar to very stiff to hard clay and a 

modulus of about 70 MPa for the first grout, and a 28-day compressive strength of 3 kPa similar to very soft clay. 

Two additional technical papers by Contreras et al. (2007 and 2011) provided additional technical content to 

support the fully-grouted method.  Additional laboratory and field tests are reported in the two papers, as well 

as numerical modelling results under steady state flow conditions for a piezometer grouted in a single soil 
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formation. The modelling by Contreras et al. (2007, 2011) supports a statement that the grout permeability can 

be up to three orders of magnitudes (e.g. 1000x) more permeable that the surrounding soils without inducing 

any significant error in the measurement of the pore water pressure in the soil. Another objective of this current 

paper is to investigate if the statement by Contreras et al. (2007, 2011) is valid in the most common situations 

where fully-grouted piezometers are installed. 

Marefat et al. (2018), Martens et al. (2020) and Martens (submitted in 2022) have conducted numerical analysis 

in transient seepage conditions of fully-grouted piezometer installations in vertical flow conditions with high 

hydraulic head gradients. Martens et al. (2020, 2022)’s analysis uses the example of an embankment constructed 

rapidly over a low-permeability clay creating a vertical high gradient upward flow condition in the clay and a 

numerical transient seepage analysis incorporating the effect of time up to 5 years and obtained results showing 

that errors could only be minimized if the ratio of permeability between the grout and the surrounding soil is 

minimized. 

 

3. Background of the new numerical modelling of fully-grouted piezometers 

The Committee on Monitoring dams and their foundations of the US Society on Dams created in 2018 a Sub-

committee on Fully-grouted piezometers to evaluate how this installation method can be suitable for installing 

piezometers in existing and new dams and their foundations as well as in adjacent structures and abutments. 

The Sub-committee’s work started with a literature review and evolved rapidly towards an effort to do some 
additional seepage numerical modelling of soil formations containing a borehole with a cement-bentonite grout 

of different permeability than the surrounding soil, as the Sub-Committee recognized that the only known 

published modelling of the Contreras et al. (2007) paper represented only one situation among the various 

possible groundwater flow  situations that can be encountered in typical geotechnical projects. At that time the 

Committee was not aware of the work by Marefat et al. (2018) and Martens et al. (2020). 

3.1 Axisymmetric 2D-Modelling of a vertical fully-grouted and traditional piezometer in a vertical flow 

situation   

Two models were created, as shown in Figure 1. The first model represents a fully-grouted VW piezometer 

installation in a 10 cm diameter borehole traversing through two superimposed soil formations of higher 

permeability material (HPM: 1.10-5 and 1x10-4 cm/sec in the models) above a lower permeability material (LPM: 

1x10-9 and 1x10-8 cm/sec in the models), with two grout permeabilities, 1x10-6 and 1x10-7 cm/sec and 

considering hydraulic boundary conditions at the top and bottom of the model representative of a vertical 

gradient of 1.0. A vertical gradient of such magnitude is typical, for example, of preload situations where an 

embankment, permanent or temporary, is installed over a low permeability material such as a clay formation to 

accelerate its consolidation and can also be encountered in situations of confined aquifers. 

The models were run in steady state flow conditions (as opposed to transient flow where the effect of time can 

be modelled until stabilization of the transient flow condition imposed to the model) with the boreholes 

extending to a depth of 58.5 m, which was 28.5 m into the 30 m thick LPM layer. The piezometer responses were 

checked for the different depths within the borehole. It should be noted that the VW piezometer itself is not 

part of the model. The underlying assumption is that the model is used to calculate the hydraulic head at 

locations in the grout column where the VW piezometer would be located at various depths (A: 1.5 m, B: 3 m, 

C: 4.5 m, D: 15 m, E: 27 m and F: 28 m) in the bottom LPM material and to compare them with the total hydraulic 

heads calculated at the same elevations in the far field away from the borehole. 

The second model, also run in steady state flow conditions, represents a traditional zoned installation of VW 

piezometers that would also be installed in the 10 cm diameter borehole at the same elevations as the fully-

grouted piezometer. The modelled sand zones are 1 m long and the bentonite seals above the sand zones are 3 

m long. The two models are illustrated in Figure 1 and the boundary conditions are listed in Table 1. 

Table 2 summarizes the Grout, LPM an HPM permeabilities that were used for both models of Figure 1.  

Table 3 summarizes the calculated hydraulic heads and the errors between the borehole and the far-field for 

the fully-grouted piezometer model. The percentage error was defined as the absolute error in the hydraulic 

head, divided by the total head loss across the LPM layer (i.e. 30 m). The errors for the hydraulic heads are fairly 

considerable at the bottom of the borehole (3.05 % for point E and 4.70% for point F) when the permeability 

ratio between the grout and the surrounding soil formation is 1000. This is an important observation as a VW 

piezometer is almost always located at the bottom of a fully-grouted borehole and this is the one that will 
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experience the highest error. Other piezometers located above in a multi-level installation will experience lower 

errors.  

The models with the lower Grout/LPM ratios show a smaller error at points E and F: 0.01% and 0.04% for 

Grout/LPM = 10 and 0.20% and 0.62% for Grout/LPM = 100. However, it should be remembered that the models 

have been run in steady state flow conditions.  Martens et al. (2020, Figures 5 and 6) have shown on a similar 

model as the one in this section, and with the same hydraulic gradient of 1.0, that errors are far larger, in the 

range of 30 to 70% at the beginning of the transient flow conditions. So, even if errors are in reality not exceeding 

5% in our models for the Grout/LPM ratio of 1000, which some users may find acceptable, it should be 

remembered that during the whole stabilization time which can last up to more than one year, or even 5 years 

as shown by Martens et al. (2020), the errors are far larger.  

Table 3 and the following result tables report the total hydraulic head, which is the sum of the pressure head 

(the pressure read by the piezometer converted to an equivalent depth of water) and the elevation of the 

piezometer. The actual pressure read by VW piezometers is used to determine effective stress in soil mechanics 

calculations. 

Figures 2 and 3 are plots of the Hydraulic heads from Table 3. 

                    

Figure 1: Schematic of numerical model with detail for the fully-grouted piezometer model (bottom left) and 

the traditional sand zone and bentonite seal piezometer model (bottom right). 

 

Table 1: Boundary conditions for the two models of Figure 1 

Bottom Top

-60 0

90 0

30 0

Pressure head (m)

Total hydraulic head (m)

Gradient = 1.0

Flow from LPM to HPM

Elevation (m)
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Table 2: Grout, LPM an HPM permeabilities for both models of Figure 1. 

 

Table 3: Hydraulic Head at various elevations and error calculations for the Fully-grouted piezometer model of 

Figure 1. 

 

Figure 2: Plot of Hydraulic Head from results of Table 3 (fully-grouted piezometer). 

 

Figure 3: Close-up view of Hydraulic Head from results of Table 3 (fully-grouted piezometer). 

In a similar way, Table 4 summarizes the calculated hydraulic heads and the errors between the borehole and 

the far-field for a traditional three-level VW piezometer installation with sand zones and bentonite seals 

installed, for comparison, at three same depths as the fully-grouted model (C: 4.5 m, D: 15 and F: 28 m) below 

the interface between the low and high permeability materials. The sand zone and the bentonite seal 

permeabilities were respectively 1x10-2 cm/sec, 1x10-9 cm/sec at each location representing a traditional VW 

piezometer installation. As can be seen on the table, the hydraulic head errors are low, less than 0.1%, at the 

bottom of the borehole (point F) for all three grout permeability ratios of 10, 100 and 100 but are higher: 4.79% 

at point C and 4.98% at point D for the grout permeability ratio of 1000. This can be explained by the choice that 

was made prior to running the models of locating a bentonite seal above the sand zone, but not under, as some 

users may not use a bentonite seal below the sand zone for the upper piezometer in a traditional multi-level 

LPM HPM Grout

2 1.0 2E-08 2E-04 2E-07 10000 10 0.001

1 1.0 2E-08 2E-04 2E-06 10000 100 0.01

3 1.0 2E-09 2E-05 2E-06 10000 1000 0.1

Case

Gradient 

Across  

LPM

Permeability (cm/s)
HPM/LPM Grout/LPM Grout/HPM

Elevation 

(m)

Point 

(Figure 

1)

Hyd. 

Head Far 

Field (m)

Hyd. 

Head 

Borehole-

Grout/LP

M=10

Error (m) Error (%)

Hyd. 

Head 

Borehole-

Grout/LP

M=100

Error (m) Error (%)

Hyd. 

Head 

Borehole-

Grout/LP

M=1000

Error (m) Error (%)

0 -- 0.0 0 -- -- 0 -- -- 0 -- --

-30 -- 0.0 0 -- -- 0 -- -- 0 -- --

-31.5 A 1.5 1.50 0.00 0.01% 1.50 0.00 0.01% 1.50 0.00 0.01%

-33 B 3.0 3.00 0.00 0.01% 3.00 0.00 0.01% 3.00 0.00 0.00%

-34.5 C 4.5 4.50 0.00 0.01% 4.50 0.00 0.01% 4.50 0.00 -0.01%

-45 D 15.0 15.00 0.00 0.00% 15.00 0.00 0.00% 14.97 -0.03 -0.10%

-57 E 27.0 27.00 0.00 -0.01% 26.94 -0.06 -0.20% 26.09 -0.91 -3.05%

-58 F 28.0 27.99 -0.01 -0.04% 27.82 -0.18 -0.62% 26.59 -1.41 -4.70%
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installation. This modelling shows however that a bentonite seal below the sand zone can also be required for 

these upper piezometers. The model shows also that the bottom piezometer located near the bottom of the 

borehole is not affected by hydraulic head errors. Figures 4 and 5 are plots of the Hydraulic heads from Table 4. 

           

Table 4: Hydraulic Head at various elevations and error calculations for the Traditional piezometer installation 

with sand zone and bentonite seal model of Figure 1. 

 

Figure 4: Plot of Hydraulic Head from results of Table 4 (traditional piezometer installation with sand zone and 

bentonite seal). 

               

Figure 5: Close-up view of Hydraulic Head from results of Table 3 (traditional piezometer installation with sand 

zone and bentonite seal). 

 

3.2 3D-Modelling of a vertical fully-grouted piezometer in a dam   

In order to analyse fully-grouted piezometer installations in a different situation than the vertical steady-state 

or transient flow studied so far by various authors including in section 3.1 of this paper, a 3D model representing 

a fully-grouted piezometer vertical installation in a dam was also modelled, assuming steady state flow 

conditions. The grout permeability Kgrout was kept constant at 1x10-6 cm/sec, and dam material permeability 

Kdam was varied between 1x10-7 cm/sec, 1x10-8 cm/sec 1x10-9 cm/sec in order to analyse three grout 

permeability cases: Kgrout / Kdam = 10, 100 and 1000. The foundation material permeability was kept constant 

at 1x10-4 cm/sec.   

Figure 6 illustrates the finite element mesh and the boundary conditions. Figure 7 is an example of a 3D graphical 

display of the calculated hydraulic heads for the Kgrout / Kdam = 10 case.  

Elevation 

(m)

Point 

(Figure 

1)

Hyd. 

Head Far 

Field (m)

Hyd. 

Head 

Borehole-

Grout/LP

M=10

Error (m) Error (%)

Hyd. 

Head 

Borehole-

Grout/LP

M=100

Error (m) Error (%)

Hyd. 

Head 

Borehole-

Grout/LP

M=1000

Error (m) Error (%)

0 -- 0.0 0 -- -- 0 -- -- 0 -- --

-30 -- 0.0 0 -- -- 0 -- -- 0 -- --

-34.5 C 4.5 4.55 0.05 0.16% 4.82 0.32 1.05% 5.94 1.44 4.79%

-45 D 15.0 15.05 0.05 0.16% 15.31 0.31 1.03% 16.49 1.49 4.98%

-58 F 28.0 28.03 0.02 0.08% 28.02 0.02 0.06% 27.97 -0.03 -0.09%
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Table 5 summarizes the calculated hydraulic heads and the errors between the borehole and the far-field. Figure 

8 is a plot of the Hydraulic heads from Table 5. 

As can be seen on the table and also on Figure 5, the phreatic surface is at approximately elevation 15 m, e.g. a 

little lower in the far field and a little higher in the borehole. Pressure heads are shown on the table and are 

equal to 0 m at elevations 16, to 20 m which means that these elevations are above the phreatic surface. At that 

elevation of 15 m, the hydraulic head error is low, 0.08 % and 0.44% for the Kgrout / Kdam = 10 and 100 cases, 

but is more significant for the Kgrout / Kdam = 1000 case, at 3.88%. It should however be remembered that, as 

for the 2D analysis of section 3.1, the seepage model has been run, for simplicity reasons, in steady state and 

not in transient flow conditions. Therefore, hydraulic head errors that would be have been calculated during all 

the stabilization duration of the flow conditions would have been most probably significantly higher, as in 

Martens et al. (2020).  

                     

 Figure 6: Schematic of numerical model of fully-grouted piezometer installation in a dam  

                

Figure 7: Calculated total hydraulic heads (blue layer is the piezometric surface in the dam). 

When looking at Figure 5, it can be seen that there is a vertical component of flow through the core of the dam. 

The flow direction vectors are not illustrated on the figure but they would be perpendicular to the hydraulic 

head isovalue lines. So, this vertical component is the reason that hydraulic heads measured in the grouted 

borehole differ from the far field for high K grout / K dam ratios, very similarly to the model of section 3.1 where 

the hydraulic gradient is vertical. It can also be observed that hydraulic head errors are higher above the phreatic 

surface, however these results are presented for information only, as fully-grouted piezometers or standpipe 

piezometers would normally not be used in the unsaturated zone above the phreatic surface.  
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Table 5: Summary of seepage modelling results for the model of Figure 4 and Hydraulic head error calculations 

(fully-grouted piezometer in a dam). 

 

Figure 8: Plot of Hydraulic Head from results of Table 5 for Kgrout / Kdam = 1000, 100, 10 (fully-grouted 

piezometer in a dam). 

4. Practical recommendations for installing fully-grouted piezometers 

Mikkelsen (2002) and Mikkelsen and Green (2003) provide detailed recommendations for selecting and mixing 

the grout for installing fully-grouted piezometers, as well as recommendations for the installation itself. Among 

the salient points, they recommend mixing the water and cement first and then adding the bentonite. They 

provide two water:cement:bentonite (W:C:B) grout mixes, one for medium to hard soils (W:C:B = 2.5:1:0.3 in 

weight) and one for soft soils (W:C:B = 6.6:1:0.4 in weight). These mixes have been widely adopted by 

practitioners and lead to permeabilities of 2x10-6 cm/sec and 6x10-6 cm/sec respectively, according to 

Contreras et al. (2007). Contreras et al. (2020) also suggest a revised 1x10-7 cm/sec mix for situations where a 

lower permeability is required. Other grout mixes are also suggested in Contreras et al. (2007) and Wan et al. 

(2014). 

Some users suggest to pre-hydrate the bentonite in a proportion of water:bentonite of 10:1 by weight for about 

12 hours prior to using it in the cement-bentonite mix as this will help to produce a more stable grout with 

consistent  long term (28 days) strength and permeability values as the grout will better incorporate the 

properties of the bentonite. This results in a lower permeability and more compliant (less stiff) grout as 

compared to a grout not using pre-hydration with similar W:C:B ratio. For all installations, it is important that 

the grout be non-shrink to minimise the risk of seepage pathways developing along vertical elements within the 

installation such as sensor cables, PVC tremie pipe or the borehole wall. 

The amount of water use for pre-hydration should be counted in the total quantity of water of the mix. The 

mixing for both bentonite pre-hydration and the final grout should preferably be done in a high shear mixer. In 

the grouting industry, the use of pre-hydrated bentonite is generally considered good practice. Users will find 

that a pre-hydrated mix grout with the same W:C:B ratio will result in a thicker mix compared to mixes not using 

pre-hydrated bentonite. Small amounts of superplasticizer can be used to thin the mix and improve pumpability. 

With low strength mixes, to ensure a reasonable set time (12hrs) for multiple lift installations with low downhole 

temperatures, the addition of an accelerator may also be considered.  

Elevation 

(m)

Hyd. 

Head Far 

Field (m)

Pressure 

Head Far 

Field (m)

Hyd. 

Head 

Borehole-

Grout/LP

M=10

Error (m) Error (%)

Hyd. 

Head 

Borehole-

Grout/LP

M=100

Error (m) Error (%)

Hyd. 

Head 

Borehole-

Grout/LP

M=1000

Error (m) Error (%)

0 14.047 14.047 14.046 -0.001 -0.01% 14.039 -0.008 -0.09% 14.038 -0.009 -0.10%

2 14.047 12.047 14.047 0.000 0.00% 14.040 -0.007 -0.08% 14.039 -0.008 -0.08%

4 14.046 10.046 14.047 0.000 0.00% 14.039 -0.007 -0.08% 14.038 -0.008 -0.09%

6 14.046 8.046 14.046 0.000 0.00% 14.038 -0.007 -0.08% 14.038 -0.008 -0.09%

8 14.046 6.046 14.046 0.000 0.00% 14.038 -0.008 -0.09% 14.037 -0.008 -0.09%

10 14.046 4.046 14.045 0.000 0.00% 14.037 -0.009 -0.10% 14.036 -0.010 -0.11%

12 14.538 2.538 14.584 0.046 0.51% 14.568 0.030 0.33% 14.409 -0.129 -1.43%

14 15.025 1.025 15.033 0.008 0.09% 15.003 -0.022 -0.24% 14.676 -0.350 -3.88%

15 15.262 0.262 15.269 0.007 0.08% 15.222 -0.040 -0.44% 14.779 -0.483 -5.37%

16 15.501 0 15.507 0.006 0.06% 15.414 -0.086 -0.96% 14.844 -0.657 -7.30%

17 15.755 0 15.747 -0.009 -0.09% 15.563 -0.192 -2.13% 14.882 -0.873 -9.71%

18 15.999 0 15.948 -0.051 -0.56% 15.658 -0.341 -3.79% 14.902 -1.097 -12.19%

19 16.194 0 16.100 -0.094 -1.05% 15.714 -0.481 -5.34% 14.913 -1.282 -14.24%

20 16.287 0 16.133 -0.153 -1.71% 15.723 -0.563 -6.26% 14.914 -1.373 -15.25%
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For critical installations, a mix design and testing program is recommended with the goal of matching the grout 

strength, stiffness and permeability to the surrounding soil or rock.  

 

5. Conclusion 

While both the 2D axisymmetric model of section 3.1 and the 3D model of section 3.2 do not cover the full extent 

of the different contexts in which fully-grouted piezometers are installed, and the models also do not cover the 

full extent of the various possible combinations of soil and grout permeabilities, gradient values, and boundary 

conditions, it remains that it is quite apparent that as soon as the permeability of the grout differs substantially, 

in the range of 2 or 3 orders of magnitude more permeable, from that of the surrounding soil (or rock) formation, 

a fully-grouted piezometer can show significant errors in the measurement of  hydraulic and pressure heads. As 

mentioned in the text, the models have also been run assuming steady state flow conditions. If they had been 

run in transient flow, the hydraulic head errors would have been higher during the whole stabilization time 

which can be in excess of one year as illustrated in Martens et al. (2020).  

Considering that the Contreras et al. (2007) of 3 orders of magnitude is so well known in the industry, the authors 

would like to express that there may be cases where this recommendation will not result in significant errors, 

but there are certainly other situations where this recommendation could cause significant errors. The 

important point is that the 3 orders of magnitude recommendation should not be extrapolated to all situations. 

Geotechnical engineers need to understand what situations can cause errors and what the field situations are, 

and then determine the appropriate installation methodology for those field conditions. 

The recommendations formulated by Martens et al. (2020) and Martens (submitted in 2022), also supported by 

the axisymmetric and 3D modelling of this paper, appear to the authors to be the most up-to-date that should 

be followed for the grout permeability requirements in the fully-grouted installation method for VW 

piezometers. They read as follows: “readings under steady state conditions may be acceptable with a 
grout/formation permeability ratio of 100. Under these conditions, with a constant gradient across the clay 

layer, the error is greatest distant from the sand-clay interface. For transient flow, (for the conditions modelled 

in Martens et al. (2020)), the errors are small for a 10x permeability ratio between the grout and the formation, 

at all practical distances from the interface and all times beyond the first few days following loading. At a 100x 

permeability ratio, the errors can be large near a stratigraphic interface, for times in the range of weeks to 

months. At times of the scale of a year or more, the error becomes small. At a 1000x ratio, the errors can be 

large for greater distances from the interface, and for extended periods of time.” 

The authors endorse fully the above recommendations on the relative permeability of the grout and the 

enclosing formation, and call at the same time for an effort by the geotechnical community to document more 

fully-grouted piezometer installations as well as their successes and failures and until even more definite 

recommendations are issued, to consider each new installation as a new context that deserves to be better 

understood and better investigated prior to deciding if a fully-grouted installation or a traditional installation is 

more appropriate. Numerical modelling of the seepage flow similar to those presented in this paper would be 

strongly encouraged, considering also the option of running transient flow modeling instead of simpler steady 

state, as well as planning a testing program of the permeability and other properties (strength, stiffness, .…) of 
the grout and the enclosing soil (or rock) formation(s). 

It should finally be noted that in most cases, errors in the measurement of the pore water pressure that could 

result from using a grout that would be too permeable as compared to the surrounding formations will be on 

the unconservative side, e.g. leading to assuming pore pressure values that are lower than they are in reality. 

This is what we have observed in our modelling, as has also been observed by Martens et al. (2020) and Marefat 

et al. (2018). This observation highlights the importance of selecting a grout with a suitable permeability when 

the fully-grouted method of installing piezometers is considered. 
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