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1

Introduction

Rock grouting is a commonly used process for sealing rock in tunnels to reduce water ingress.
Grouting becomes an essential part in tunneling and underground excavation, especially when
working in urban areas with dense surface infrastructures and in areas sensitive to fluctuations in
ground water levels (Norwegian Tunnelling Society, 2011). Successful grouting results in lowering of
maintenance costs, increasing safety, and reducing the environmental impact. In order to achieve
sufficient sealing level, grout must penetrate a certain distance into rock’s fractures. If the required
sealing is not reached in the pre-grouting, post-grouting is then needed. This will increase the cost
and the time of the project significantly. In certain tunneling projects, the costs of grouting were as
high as the cost of blasting and excavation (Eklund, 2003). It is necessary to have a good estimation
of the penetrability of the grout before starting the grouting process.
Penetration of cement-based grout through rock fractures can be stopped due to filtration
phenomena, which leads to reducing the width of the watertight zone around the tunnel, and
affecting sealing efficiency. In the filtration a dense filter cake with low penetrability is formed,
resulting in lowering grout penetration ability (Eriksson & Stille, 2003).
There have been some contradicting conclusions among the researchers about the effect of mean
factors like w/c and pressure on the penetrability of cement-based grout. Literature survey by
(Draganovic´ & Stille, 2011) showed some of these contradictions based on tests with varies devices.
For example (Hansson, 1995) suggested that the mean factors affecting the penetrability are w/c
ratio and additives while (Eriksson, et al., 2004) concluded that w/c ratio have limited influence on
the penetration ability. Also many researchers have concluded that higher pressure improves the
penetration ability while (Eriksson & Stille, 2003) concluded that higher pressure does not improve
penetrability significantly.
There are many researches on penetrability and filtration and many measuring devices utilized,
indicating that it is problematic to construct a device that can correctly predict and measure the
penetrability of cement-based grouts in rock. Two of the most commonly used instruments for
measuring filtration tendency in the field and in the lab are the filter pump (Hansson, 1995) and the
penetrability meter (Eriksson & Stille, 2003). However, the results measured by these devices have
relatively different estimations of the penetrability partly due to the weaknesses in measuring
methods and test procedures. Furthermore, there are no clear criteria to find out which of the
results are closer to the reality or how much the results differ among the instruments. Another
instrument used to measure the penetrability is a short slot (Draganovic´ & Stille, 2011), which is
designed to simulate the flow of grout through rock’s fractures by using a geometry that resembles
the shape of real fractures.
The purpose of this study is comparing, and evaluating the results of three devices: the penetrability
meter, the filter pump, and the short slot in relatively similar conditions (same batch of cement
grout, same w/c ratio, same pressure, etc.). Another goal of this study is introducing more accurate
methods in measuring penetrability ability in terms of bmin and bcrit.
The filter pump and the penetrability meter were modified In order to fulfill the requirement of
testing in similar conditions and to improve their accuracy and versatility. The filter pump was

modified to make it less operator dependent and the penetrability meter’s pressure capacity was
improved to a range of 1-5 bars.
The modifications enable new measuring methods which may lead to improvements in the
repeatability and reliability of the results. The total volume method used with the filter pump and the
penetrability meter is not accurate enough in acquiring bcrit of the grout. The weight in time method
and pressure drop in time method were introduced to estimate bcrit more accurately, because they
can show even the smallest filtration of the tested grout in time. Comparing the results of these
different instruments will offer better understanding of the differences among their results and of
the effects of w/c ratio and pressure on the penetrability in general.

1.1

Literature Review

Water ingress into the tunnel causes many problems during and after constructions like disturbing
construction works and affecting the environment by settlement of the ground, rotting of the
wooden piles under buildings and drying of the wells and vegetation (Tolppanen & Syrjänen, 2003).
In order to control water leakage into the tunnel it is needed to create a water tight zone around the
tunnel. The requirement of the water tight in bedrock depends on the surrounding environment and
the purpose of the underground construction (Ranata-Korpi, et al., 2008). Generally, water ingress
requirement is 0.5–5 liter per minute per 100 meter of tunnel for road, railway and
telecommunication tunnels, while lowered requirement of 40-50 liter per minute per 100 meter of
tunnel is suitable for water tunnel (Ranata-Korpi, et al., 2008).
Grouting is the most used method for sealing rock fractures. Grouting is performed by injecting a
liquid material into rock cracks and channels, by drilling a number of holes into rock mass to provide
leached channels connected to grout pump (Eklund, 2005). Two types of grouting: pre-grouting and
post-grouting are used. The difference between them; is that the pre-grouting is performed in the
face of the tunnel, and before the blasting and excavation, while the post-grouting is used in sealing
rocks already excavated (Tolppanen & Syrjänen, 2003), Figure 1. The post-grouting costs 3 to 10
times more than the pre-grouting (Tolppanen & Syrjänen, 2003). Therefor it is preferred to achieve
sealing requirements with pre-grouting, limiting the use of post grouting for repair operations. The
grout sealing efficiency depends on how far the grout penetrates into the rock fractures from the
bore holes, which is defined as the penetration length of grout (Draganovic´ & Stille, 2011).

Figure 1. The principle of pre-grouting (Tolppanen & Syrjänen, 2003).
Grouting materials can be divided into two categories: the chemical grouts and the cement grouts.
The chemical grouts have higher penetrability compared to the cement based grouts. Most of the
chemical grout materials have viscosity similar to the water,” where water can come out, acrylics can
enter" (Tolppanen & Syrjänen, 2003). Acrylics are chemical grouts defined as “true solution grouts”
which do not contain suspended solids and have very low viscosity - similar to water (Anon., 2013).
However, chemical grouting has disadvantages like its harmful effects on the environment; e.g., in
Hallandsåsen where grouting with acrylamide (toxic chemical grout) caused poisoning of the fish in
the project area (Weideborg, et al., 2001). Moreover, the cost of chemical grouting is quite high
therefore it is uneconomical to use in large-scale projects where significant volumes of grout are
needed. In these large-scale projects; e.g., dams, levees, mines, tunnels, subways, vertical shafts,
underground structures and waste encapsulation, cement- based grouts are preferably used. (Anon.,
2013). In many cases the chemical grout can be used as complement to cement grouts, and in some
specific cases in certain projects they might be used as the predominant grouting material (Anon.,
2013).
The cement-based grouts; e.g., micro cements (MFC, SFS-EN 12715) and ultrafine cements (UFC) are
commonly used in sealing tunnels because of their advantages like the lower cost, higher durability,
and more compatibility with the environment (Eklund, 2005). The cement-based grouts have some
disadvantages like the low penetration ability, especially through the very tight fractures (<0.1 mm)
(Tolppanen & Syrjänen, 2003).
Previously cement-based grouts used in grouting were coarse-grained cements of a small specific
surface area around 300m2/kg with a high w/c ratio around 4 (Holt, 2008). Later the development of
more effective grouting materials and techniques led to lowering of the w/c ratio and the introducing
of micro cements with finer particles and larger specific surface area around 1500m2/kg. These
changes have improved the penetration ability to some extent. In the 80s the chemical admixtures
like superplasticizers became more common in grouting (Ranata-Korpi, et al., 2008). The
superplastisizers are the most commonly used admixtures for improving the rheological properties of
cement-based grout. They cause electrical and/or steric repulsion of cement particles in suspension
(Eklund, 2005).

The penetrability of cement-based grout is governed by the rheological properties and filtration
tendency (Eklund, 2005). The rheological properties of the grouts affect also the penetration length
of the grout (Satola, 2001). When the grout viscosity and yield strength are high, this will result in a
lower penetrability due to the lower fluidity of the grout inside the fractures (Ranata-Korpi, et al.,
2008). The filtration tendency is the tendency of agglomerated cement particles to form an
impermeable filter cake (Eklund, 2005). The Filter cake is caricaturized by the higher density and the
lower permeability compared to the initial grout (Eriksson, 1999). On the other hand the ability of
the grout to penetrate into rock fractures without clogging is called filtration stability (Hansson,
1995).
One of the most important factors controlling the filtration is relationship between the maximum
cement grain size and the fracture aperture, Figure 2. As the filtration occurs the suspended cement
grains are stopped before the constriction and a filter cake is formed, resulting in flow stop (Exelsson,
et al., 2009).

Figure 2. Relation between fracture openings and cement types (grain size). OPC is ordinary
Portland cement, MFC is micro-fine cement, and UFC is ultra-fine cement (Eklund, 2005).
Empirical experiments showed that good penetrability is achieved when the opening is 3 times larger
than the maximum size of the cement grain (Hansson, 1995). Although theoretically the finer cement
should have better penetrability especially in the tight fractures, practically this claim is not always
true. The INJ30 with d95 of 30 µm have shown better penetrability than UF12, and UF16 in
laboratory tests with 12 µm and 16 µm (d95) respectively (Hjertström, 2001). This was confirmed by
Dragonvic’s tests with the short slot in 2011. Recent studies have also shown that the ratio between
the fracture aperture and cement particle size should be at least 10 to ensure that the gout will
penetrate thorough the rock’s fractures (Ranata-Korpi, et al., 2008).
The mixing method is also very important and influences the penetrability of mixed grout (Eriksson,
1999).
The w/c ratio can be considered as one of the most dominant factors controlling the filtration
stability. Per Hansson (1995) measured the filtration stability of cement based grout using the filter
pump. He illustrated that the filtration stability increases by increasing the w/c ratio. This was also
examined by other researchers like Eriksson and Stille (2003), who developed a device called the
penetrability meter. They performed several tests to measure and evaluate the penetrability of
cement-based grout. Based on their test results the w/c ratio of 0.5 to 3 is now commonly used in
real grouting in the field. This ratio can be selected based on the cement grains specific surface area,
grouting pressure, and the volume of grout taken by the borehole during the grouting process

(Tolppanen & Syrjänen, 2003). Even though increasing the w/c ratio will increase the penetrability,
there are disadvantages of using higher w/c ratios like the increased porosity of hardened grout
(Eklund, 2005).Other disadvantages of using high w/c ratios are bleeding and sedimentation
(Draganovic´, 2009).
Grouting Pressure is another important factor that influences the filtration stability. The grouting
pressure is the force that drives the grout inside rock fractures and it is the differential pressure
between pump pressure and ground water pressure. Applying more pressure improves the
penetrability as confirmed by many studies; e.g., Tolppanen (2003), Eklund (2005), and Draganovic’
(2011). Increasing the pressure will cause erosion of formed filter cake obstructing the flow of the
gout into the fractures (Draganovic´ & Stille, 2011).
The use of higher pressure in grouting is a debated issue among the experts. Some experts believe
that using higher pressure decreases work safety, enlarge existed openings and create new fractures.
Therefore, there have been some limited use of high pressure in Sweden and Finland (pressures used
are typically around 5-20 bars). Other experts believe that higher pressure greatly improves the
penetrability without causing damage to the bed rock (Tolppanen & Syrjänen, 2003). This approach
has been adopted in Norway by using pressures up to 90 bars and produced good improvements to
the penetrability with no serious problems or damages (Ronald, 2002).
The maximum allowed pressure is not always controlled by the depth of the tunnel. When the
openings in the bed rock are large, the pressure should not exceed the rock weight. However, with
very tight fractures the pressure losses are significant and much higher pressures are needed to
achieve sufficient penetration length. A rule of thumb from Norway is to use 25-35 bars pressure
higher than the ground water pressure (Tolppanen & Syrjänen, 2003). In this study, using higher
pressures in some of the tests have shown a significant increase in the penetrability. And one of the
suggestions was to use two different pressures when measuring the penetrability of the grout.
The filter pump and the penetrability meter devices were chosen in this study because they are
standard devices wildly used in lab and the field to estimate the filtration tendency of the grout.
These two devices use the filter mesh geometry to measure the penetration ability which is a filter of
woven metal wire cloth. The slot geometry consists of parallel plates to simulate the fracture
aperture and was first introduced by (Sandberg, 1997). In theory the slot geometry is more accurate
in measuring the penetrability. (Axelsson & Gustafson, 2010), consider that the slot formed by two
cylinder as more accurate than the mesh method. The short slot uses the slot geometry with
constriction in measuring the penetrability. Studies conducted by (Draganovic´ & Stille, 2011) on the
short slot have shown that there are significant pressure loss as the grout travel inside the slot due to
friction with the slot walls and the presence of constriction (Draganovic´ & Stille, 2012). This loss in
pressure will result in higher filtration tendency. While filter mesh geometry has low friction and no
constriction which may lead to less reliable and overestimated results.
The main concept of estimating the penetrability in this work is based on two parameters of bmin and
bcrit. These parameters are wildly used in estimating the penetrability of cement based grout and
they were introduced by (Eriksson & Stille, 2003). The minimum aperture bmin is an aperture limit
under which no grout can enter an opening; i.e., if the aperture is smaller than bmin filter cake is
formed directly preventing the grout from interring the opening. The critical aperture, bcrit is defined
as the minimum aperture where no filtration will take place. The probability of forming filter cake
may be increased with larger amount of grout. The chances of the presence of some larger particles

that might start up the agglomeration process increases with the larger volumes of grout. The
volume of the grout tank used in the devices has some effect on the penetrability results.
The modification of filter pump was intended to address some inconsistencies related to the human
factor. The operators of the regular filter pump may have different strength. Furthermore, the force
applied at the beginning of the tests may not be maintained throughout the tests due to the fatigue
of the operator. This will affect the result’s repeatability and accuracy. Hanson has stated that “It is
of great importance that one pull up the grout in the pump with a representable pressure gradient
through the filter” (Hansson, 1995). To address these problems it was proposed pulling the handle by
cables connected to a falling weight that can be adjusted to obtain 1 bar sucking pressure inside the
instrument. Another problem is that the movement of the filter pump inside the packet of the grout
might affect the results by disturbing the formation of filter cake on the filter, and affecting the
accuracy and repeatability of the results. The solution was to fix the filter pump to a metal frame in a
vertical position to avoid any movements.
The modification of the penetrability meter aimed at increasing the versatility of the device by
enabling the increase of the pressure up to 5 bars. It is important to conduct tests with penetrability
meter using both 1 bar pressure and 5 bars pressure because the pressure at the beginning of bore
hole is much higher than the pressure inside the fractures. Testing at different pressures will give a
better understanding of the grout expected behavior at different distances inside the rock bed. The
short slot can even measure the penetrability with a wider range of pressures from 1 bar up to 15
bars.

Material and method

2
2.1

Material and mixing

The cement used in the experiments was injection 30 (produced by cement AB) which is fine cement
with d95 of 30 µm i.e. 95% of the cement particles are less than 30 µm.
There were two recipes used in the tests, Table 1.
Table 1. Cement recipes used in the tests
Recipe 1
w/c ratio

0,8

Superpalcetisizer iFlow-1

0.5% of cement weight

Recipe 2
w/c ratio

2

Superpalcetisizer iFlow-1

0.5% of cement weight

Ordinary tap water with the temperature of 19 co was used for mixing. The weighted cement was
added to the water gradually while a hand mixer was used to pre- mix the grout for 1 minute. Then
the mixture was further mixed with high-speed mixer at rotation speed of 10000 RPM for 4 minutes.
The superplasticizer was added after 1 minute from the beginning of the mixing. When the mixing
was finished the mixture was poured into the grout container of the respective instrument.

Figure 3. The lab mixer used to mix the grouts in this study.

2.2

Test Plan

A total of 99 tests were performed with regular /modified filter pump, modified penetrability meter,
and the short slot to measure the penetrability of cement based grout. The tests were designed to
get penetrability results of two recipes in similar conditions and, to validate and verify these
instruments, in terms of the accuracy, and the extent of deviation between their results. Some extra
tests were performed in order to increase the validity of the experiments e.g. tests with regular filter
pump by hand, and tests with the modified penetrability meter using only water. Furthermore, many
tests were performed to investigate the pressure effect on filtration stability e.g. tests with the short
slot using range of 1- 15 bars, and tests with the penetrability meter using 1-5 bars pressure, Table 2.

Table 2. Test plan for tests with 1 bar pressure.
Test group

Instrument type

Grouting
Pressure
(bar)

Recipe

Number
test

1

Modified
pump

filter

1

1

13

2

Modified
pump

filter

1

2

19

3

Filter pump

-

1

5

4

Filter pump

-

2

19

5

Modified
penetrability
meter

1

1

12

6

Modified
penetrability
meter

1

2

19

7

Short slot

1

1

5

8

Short slot

1

2

2

of

Table 3. Test plan for tests with higher pressure
Test group

Instrument type

Grouting
Pressure
(bar)

Recipe

Number
test

1

Short slot

15

1

5

2

Modified
penetrability
meter

5

1

2

of

2.3

Filter pump

2.3.1 Instrument description

Figure 4. Filter pump, European standard prEN 14497, (Anon., 2014).
Filter pump is an instrument used for determination of penetrability according to European standard
prEN 14497. It was developed by Per Hansson in 1995 for measuring filtration stability (Hansson,
1995). The main advantage of filter pump is that it can be used for both laboratory and field tests and
it is easy to use. The filter pump consists of a metal tube of 583 mm in length and 25.6 mm in
diameter, a rubber piston connected to a metal rod ends with a handle, cup holder to hold the filter
and a filter of woven metal wire cloth. The filter mesh sizes are: 26 µm, 35 µm, 43 µm, 54 µm, 61 µm,
77 µm, 90 µm and 104 µm. Figure 5 illustrates the filter pump’s outline.

Figure 5. Outline of filter pump’s components.

2.3.2 Test procedure
The filters (woven metal wire cloth) were prepared and put in cup holders to be changed easily
during the test. The prepared mixed grout was poured into a vessel. The filter pump was immersed
into the grout in such a way that the tip of the filter pump was located in the half depth of the grout.
The grout was sucked inside the device by pulling the handle, passing through the filter. The size of
the mesh filter, starting by 25 µm, was gradually increased up to 104 µm during each test. The
sucked material was then pumped out into the measuring cylinder of 500 ml to obtain the volume.
The volume obtained from each filter size was plotted against the filter aperture and used as a
measurement of the filtration stability.
In the regular test procedure of filter pump, only the total volume of passed grout was measured for
evaluating of grout penetrability. However, in order make the results more comparable with other
instruments; another penetrability measuring method of weight-time method was also employed in

the presented study. The grout pot hung to the ceiling using a steel cable connected to S9M load cell
to measure the weight of passing grout in time.

2.3.3 Limitations
The applied sucking pressure during testing may vary due to the tiring of the operator after number
of tests. The movements of the filter pump tip inside the pot may affect the results by disrupting the
forming filter cake. Furthermore, the movements of filter pump tip inside the grout pot during
testing is registered by the weight sensor, which may lead to some minor distortion in the obtained
weight-time graphs.

2.4

Modified filter pump

The purpose of modifying the filter pump is to enable comparing its results with the results of the
penetrability meter and the short slot, and to address some of the problems related to the testing
procedure.

2.4.1 Instrument description
A steel space frame with the dimensions of 0.8 x 0.8 x 2.0 m is built to support the regular filter pump
vertically, reducing the probability of the movement of the instrument inlet inside the grout pot. A
mass of 20 kg is connected to the handle of the filter pump, using a steel cable passing through two
rollers, Figure 6.
The grout pot hung to the ceiling using a steel cable connected to s-shaped load cell (S9M) that
measures any change in weight, Figure 8. The load cell connected to a data acquisition system
(QuantumX MX471B) that sends the collected data to the computer to be processed by the Catman
software, Figure 7.

Figure 6. Schematic depiction of the modified filter pump.

Figure 7. QuantumX MX471B data acquisition system (HBM, 2014).

Figure 8. S9M load cell for tensile and compressive Forces (HBM, 2014).

2.4.2 Test procedure
The prepared filters before the test were 26 µm, 35 µm, 43 µm, 54 µm, 61 µm, 77 µm, 90 µm and
104 µm, the same sizes as in the regular filter pump. The grout pot was filled with the prepared grout
immediately after the mixing process. The filter pump’s tip would be totally immersed inside the
grout. The mass of 20 kg was released to draw up the handle mechanically to start the test.
Similar to the procedure of the regular filter pump, the test started with 25 µm mesh size filter, and
then the filter mesh sizes were gradually increased from 35µm to 104 µm. The grout volume was
measured after each test, using the 500 ml cylinder. The results were then presented as the graphs
of weight in time and volume of passed grout versus the filter size, to evaluate the grout
penetrability in terms of bmin & bcrit.

Figure 9. Pictures of the modified filter pump (the instrument fixed to the steel frame).

2.4.3 Limitations
The mass of 20 kilos has been chosen after simple experiment to get 1 bar sucking pressure. In that
experiment a pressure sensor was screwed on the tip of the filter pump instead of the filter cup, and
the filter pump was filled with water. The weight of 20 kg was placed on the filter pump handle,
pressing the water and producing the reading of 1 bar pressure. Based on that, the 20 kg weight was
used in the design. However, it was assumed that the sucking force and the pressing force of the
water are equal.
The force cell registered some vibrations caused by movement of the pot during the experiments
causing some distortion in the graphs. However, this did not affect the estimation of the
penetrability.

2.5

Regular penetrability meter

2.5.1 Instrument description
The Penetrability meter is an injection device used to measure the penetrability of cement-based
grouts. Figure 11, illustrates the outline of the regular penetrability meter developed by Eriksson and
Stille for measuring penetrability in 2003.

Figure 10. Regular Penetrability meter (Norwegian Tunnelling Society, 2011).
The device consists of a pressurized grout tank connected to an outlet pipe. The outlet pipe is fitted
with a valve and a cup holder where filter mesh is placed. Figure 1 shows a simplified outline of the
device showing even the pressure regulator, compressor, filter unit, and section of the filter mesh.
The filter mesh is made of thin metal threads forming many rectangular openings. Each opening
represents the equivalent aperture opening.

Figure 11. Outline of the penetrability meter instrument (VU: SC 48).

2.5.2 Test procedure
The grout is mixed and poured into the container. The pressure from the compressor (1-2 bars) is
applied and the grout is pressed through a filter mesh with the defined aperture size. The volume of
passed grout is plotted against the filter aperture. Two parameters of bmin and bcrit which represent
the measurement of the penetrability of the grout are acquired.

2.6

Modified penetrability meter

2.6.1 Instrument description
The modified penetrability meter consists of a grout container connected to an outlet pipe with a
valve and a filter unit to hold the filter. The filters fitted in the cup holder are woven metal wire
cloths with different mesh sizes of 26-200 µm. The applied pressure is supplied by a gas container
with 300 bars capacity and the pressure is controlled by a pressure regulator. The instrument is
connected to a load cell (S9M) that registers weight changes and send the data to a computer via a
data acquisition system (QuantumX MX471B). The weight in time graph is plotted using Catman
program. Any pressure changes are also registered by a pressure transducer (P15), Figure 13 and
plotted as pressure drop in time graphs. See the details of the system’s outline in the Figure 12.

Figure 12. Schematic depiction of the modified penetrability meter.

Figure 13. P15 pressure transducer for measuring excess pressure (HBM, 2014).

2.6.2 Modification

Figure 14. Pictures of the modified penetrability meter system showing the pressure regulator,
gas tank, pressurized grout container, and cup holder.
The regular penetrability meter was designed to work with pressures between 1-2 bars. The
modification aimed at making the penetrability meter more versatile by enabling it to measure the
penetrability at different pressures. Tests have shown that the modified penetrability meter can
withstand higher pressures up to 5 bars. The constraining factor was that the filters failed with higher
pressures. In order to overcome this issue, a large filter of 4 mm was fixed inside the filter cup holder
of the modified penetrability meter as reinforcement, Figure 15. The new measuring methods of
weight in time and pressure drop-time were also introduced to the system by adding the load cell
(S9M) and the pressure transducer. The data gathered by these sensors are sent to the computer for
processing via data acquisition system (QuantumX MX471B).

Figure 15. Filter mesh’s reinforcement in the form of 4 x 4mm fixed inside filter pump’s cup
holder.

2.6.3 Test procedure
The used filters in tests were; 26 µm, 35 µm, 43 µm, 54 µm, 61 µm, 77 µm, 90 µm, 104 µm, 122 µm,
144 µm, and 200 µm. The pressure was set to the required value by using the pressure regulator. In
the first test, the cup holder fitted with 26 µm mesh was screwed to the outlet. Then the grout is
poured into the grout container and the test was initiated by opening the upper valve and applying
the pressure. This procedure was repeated for the rest of the filters, and the volume of passing grout
was registered for each test to be used in the total volume method. Furthermore the data collected
by the pressure transducer and the force cell sent to the Catman software and used to estimate the
penetrability in terms of bmin and bcrit.

Figure 16. Changing filter cup of the penetrability meter device.

2.6.4 Limitations
There were some distortions and spikes in the weight-time graphs results due to vibrations and
movements when opening the outlet valve during the experiment. The filter mesh used as
reinforcement when applying higher pressures might have some effect the results; however this
effect would be very small due to its very large aperture size of 4 mm.

2.7

Short slot

2.7.1 Instrument description
The short slot was developed by Draganovic & Stille 2011. In the instrument there are two steel
disks, the upper and lower disk, screwed together building a constriction through a fracture.
Different disks are used to get different aperture sizes. The constrictions and the apertures simulate
the real crack in the rock. The disks are connected to a grout container. The grout pressure is
supplied by a gas container and regulated by a pressure regulator. A sensitive pressure transducer (P
15) is fixed to the inlet of the grout container with the aim of providing measurements of grouting
pressure during the test procedure. The system is hanging to a load cell (S9M) that registers any
changes in weight. A data acquisition system (QuantumX MX471B) is used to collect data to be
processed by the computer, Figure 17.

Figure 17. Schematic depiction of the short slot.

2.7.2 Test procedure
Disks with the aperture size of 43 µm, 50 µm, 70 µm, 77 µm, 84 µm, 90 µm, 169 µm, and 177 µm
were prepared. The pressure regulator was set to one bar pressure, and the mixed grout was poured
into the grout container. The test started by applying the required pressure in the grouting tank by
opening the pressure valve. The test was finished when either the grout outflow was totally stopped
or when all the grout passed through the slot. In the first test the 43 µm were used and then the
mesh size was gradually increased to bigger aperture sizes until the set of tests was concluded.

2.7.3 Limitations
The friction value of the slot walls inside the short slot is unknown.

2.8

Measuring Methods

In this study three different measuring methods were used; the total volume method of passing
grout, the weight-time graph method, and the pressure-time graph method. The total volume
method used to estimate the penetrability of grout in the regular filter pump, the modified filter
pump, and the modified penetrability meter. The weight-time method was used as the main method
for measuring the penetrability of the grout in all instruments. And finally the pressure drop-time
method was used as a new measuring method with the modified penetrability meter.

2.8.1 Total volume of passed grout
This method is used for estimating the grout penetrability in terms of bmin and bcrit with the filter
pump and the penetrability meter. The total volume of passed grout is measured for each aperture
size. Then the graph of the total volume of passed grout versus the aperture sizes would be drawn,
Figure 18. The value of bcrit is obtained from the graph and it represents the aperture where no
change in the volume of passing grout is noticed (no filtration). And bmin represents the aperture size
when no grout passes the filter mesh.

Figure 18. The total volume–aperture size graph.

2.8.2 Weight-Time Plot
In this method the penetrability of grout is estimated by using the weight in time graph. The bmin
represents the maximum aperture size with no change in the weight of passed grout in time
(negligible amount of outflow), Figure 19. While the nonlinear relationship of the weight of passed
grout in time indicates that some filtration has occurred, Figure 20. The test continues with bigger
aperture sizes until the relationship of the weight in time will be linear (no or negligible filtration),
Figure 21. At this point that aperture size will be considered as bcrit

Figure 19. The weight-time graph of the
aperture size which represents bmin.

Figure 20. The weight-time graph of the
aperture size where the filtration occurs.

Figure 21. The weight-time graph of the
aperture size which represents bcrit.

2.8.3 Pressure drop-Time plots
Another measuring method is the pressure drop-time graph which is a more sensitive method
capable of showing even the smallest filtration. This is because any small change in the grout
pressure in time will be registered by the highly sensitive pressure transducer (P 15). The changes in
the drop pressure are due to differences between the applied pressure and the pressure released by
the outflow of the grout. For example the filtration will cause a gradual decrease in the outlet area,
causing a decrease of drop pressure in time.
When the grout starts to flow from the device aperture the drop of pressure increase directly and
will continue increasing while the grout is still flowing. In the aperture which represent bcirt all the
grout would pass and no decrease in the pressure drop will be noticed, Figure 22. In the aperture
which represents bmin, a small pressure drop increase is shown on the graph followed by an

immediate and total decrease in pressure drop, meaning that no or negligible amount of grout
outflow occurs, Figure 23. In apertures between bmin and bcrit the pressure drop will increase in time
due to grout flow, and when the filtration take place, the pressure drop will decrease gradually,
Figure 24.

Figure 22. The drop pressure-time graph of
the aperture size which represent bcrit.

Figure 24. The drop pressure-time graph of
the aperture sizes between bmin & bcrit.

Figure 23. The drop pressure-time graph of
the aperture size which represent bmin.

Validity of Data

2.9








The penetrability meter (VU: SC 48) and the filter pump (prEN 14497) are standard devices,
and their results can be considered as the criteria for the purposes of the comparison
process of the devices.
Almost all the tests were done with 2 repetitions to ensure the repeatability and the validity
of the results.
The tests were conducted in approximately similar conditions for all the devices. The
important factors affecting the outcome of the results were similar for every set of tests;
e.g., w/c ratio, applied pressure, batch of cement, and mixing procedure.
The modifications of the devices have not changed the original design and were intended
only to improve the devices by increasing their accuracy and capacity.
There were some extra tests performed using only water instead of the grout to ensure that
the pressure and weight sensors worked properly.

3
3.1

Results and discussion
Filter pump

3.1.1 Filter pump’s results with the 1st recipe
The graph of mesh sizes 26 µm & 35 µm show no grout passing the filter mesh, Figure 25. There is a
negligible amount of grout that pass the filter mesh with size 43µm, therefore the mesh size 43 µm
can be considered as bmin, Figure 26. The graphs obtained from the results of the next filters show
that the grout was flowing but with some filtration. It is noticed that the relationship of weight in
time is nonlinear for the aperture sizes of 54 µm, 61 µm, and 77 µm due to filtration, Figure 27,
Figure 28 & Figure 29.
In a test with the mesh size 90 µm, the relation of weight in time is almost linear, indicating that
there are no changes in the passing weight in time (almost no filtration), Figure 30. Thus the 90 µm
represents bcrit according to the definition.
The relation between the total volume of passed grout and mesh size show no or negligible amount
of flow at mesh size 43 µm meaning this mesh size is bmin. While no apparent change in the passing
volume is noticed between mesh size 77 µm and 90 µm, meaning bcrit, is considered 77 µm, Figure
31.

Figure 25. Filter pump’s weight-time graphs
(w/c ratio 0.8 and mesh sizes; 26 & 35 µm).

Figure 26. Filter pump’s weight-time graphs
(w/c ratio 0.8 and mesh size 43 µm).

Figure 27. Filter pump’s weight-time graphs
(w/c ratio 0.8 and mesh size 54 µm).

Figure 28. Filter pump’s weight-time graphs
(w/c ratio 0.8 and mesh size 61 µm).

Figure 29. Filter pump’s weight-time graphs
(w/c ratio 0.8 and mesh size 77 µm).

Figure 30. Filter pump’s weight-time graphs
(w/c ratio 0.8 and mesh size 90 µm).

Figure 31. Filter pump’s total volume graph
(w/c ratio 0.8 and mesh sizes 43-104 µm).

3.1.2 Filter pump’s results with the 2nd recipe
Similar tests were performed with the 2nd recipe to examine the effect of the w/c ratio on the
results, and to enable a more comprehensive comparison between the results of different
instruments. It was expected to get lower bmin & bcrit for the grout with the higher w/c. The tests are
done with the mesh sizes 26-77 µm, Figure 32.
The graph for the mesh sizes 26 µm shows no grout is passed, when using the mesh size 35 µm there
are a negligible amount of grout out flow, Figure 33. Thus the mesh size 35 µm was considered as
bmin. Tests with the mesh sizes 43 µm, 54 µm, and 61 µm show some filtration, Figure 34 & Figure 35.
While the mesh size 77 µm shows almost no filtration, Figure 36. The bcrit was considered as 77 µm.
The total volume of passed grout graph shows no apparent change in the passing volume between
mesh size 53 µm and 77 µm. The graphs show a negligible volume of grout passing the mesh size 36,
Figure 37. According to these results; bcrit would be 53 µm and bmin would be 36 µm.

Figure 32. Filter pump’s weight-time graphs
(w/c ratio 2 and mesh sizes; 26 -77 µm).

Figure 33. Filter pump’s weight-time graphs
(w/c ratio 2 and mesh sizes; 26, 35 µm).

Figure 34. Filter pump’s weight-time graphs
(w/c ratio 2 and mesh sizes; 43, 54 µm).

Figure 36. Filter pump’s weight-time graphs
(w/c ratio 2 and mesh size 77 µm).

Figure 35. Filter pump’s weight-time graph
(w/c ratio 2 and mesh size 61 µm).

Figure 37. Filter pump’s total volume graph
(w/c ratio 2 and mesh sizes 26-77 µm).

3.1.3 Filter pump‘s table of results and discussion
Table 4. Regular filter pump’s penetrability results in term of bmin & bcrit using the weight-time
method and the total volume of passed grout (1st and 2n recipes).
Weight-time method

Total volume method

bmin ( µm)

bcrit (µm)

bmin ( µm)

bcrit (µm)

Recipe 1

43

90

43

77

Recipe 2

35

77

35

54

The value of bcrit measured by the filter pump using the method of total volume of passed grout was
smaller than the value of bcrit estimated with the weight-time method, Table 4.

The total volume method shows only the total amount of passed grout, without the possibility of
monitoring the filtration process during the tests. This indicates that the total volume method is not
reliable in estimating the penetrability accurately. In comparison, the weight in time method can
estimate bcrit more accurately by showing any changes in the gout outflow due to filtration.
Tests with a higher w/c ratio have shown better penetrability (lower value of bcrit), Table 4. The lower
consternation of cement particles in suspension will lead to decrease the probability of forming the
filter cake, resulting in lower filtration tendency and better penetration ability.

3.2

Modified filter pump

3.2.1 Modified filter pump’s results with the 1st recipe
An overview of all the tests performed with the modified filter pump at 0.8 w/c ratio can be seen in
Figure 38.
Tests were started with 35 µm followed by the 43 µm mesh size which showed only a negligible
amount of grout flow. Thus the mesh size 43 µm is considered as bmin, Figure 39. During the test
procedure, the size of the mesh filter was increased stepwise. The relation between weight and time
is nonlinear for the mesh sizes of 54 µm and, 61 µm due to the filtration, Figure 40 & Figure 41. At
the mesh size of 77 µm, the weight-time relation become almost linear, indicating that no filtration
occurs, Figure 42. The mesh size 77 µm was therefore considered as bcrit.
The total volume graph shows that there is no change in the volume of passed grout in the range
between mesh size 77-104 µm, Figure 43. Therefore bcrit was considered as 77µm. bmin is 55 µm
because the graph show that no grout passing this filter mesh.

Figure 38. Modified filter pump’s weight-time
graphs (w/c=0.8 and mesh sizes; 35-104 µm).

Figure 39. Modified filter pump’s weighttime graphs (w/c ratio 0.8 and mesh sizes;
35 µm, 43 µm).

Figure 40. Modified filter pump’s weight-time
graphs (w/c ratio 0.8, mesh size 54 µm).

Figure 41. Modified filter pump’s weighttime graphs (w/c ratio 0.8 and mesh size 61
µm).

Figure 42. Modified filter pump’s weight-time
graphs (w/c ratio 0.8 and mesh size; 77-104
µm).

Figure 43. Modified filter pump’s total
volume graph (w/c ratio 0.8, mesh sizes; 43104 µm).

3.2.2 Modified filter pump’s results with the 2nd recipe
An overview of all the tests done with the modified filter pump at 2 w/c ratio can be seen in Figure
44.
Only a negligible amount of grout pass the filter with mesh size 26 µm, while mesh sizes 35 µm show
some filtration, resulting in bmin being 35 µm, Figure 45 & Figure 46. In test with 43 µm the graphs
show a notable filtration, Figure 47. However, there is no filtration in mesh sizes 54-90 µm Figure 48.
Therefor mesh size 54 µm considered as bcrit.
In total volume graph, the passed volume of grout is not changed in mesh sizes 54-90 µm; i.e., bcrit is
54 µm. There is no noticeable volume of grout passed the mesh size 26 µm & 35 µm, thus bmin is
considered mesh size 35 µm, Figure 49.

Figure 44. Modified filter pump’s weight-time
graphs of (w/c ratio 2 and mesh sizes 26-61µm).

Figure 45. Modified filter pump’s weight-time
graphs (w/c ratio 2 and mesh size, 26 µm).

Figure 46. Modified filter pump’s weight-time
graphs (w/c ratio 2 and mesh size 35 µm).

Figure 47. Modified filter pump’s weight-time
graphs (w/c ratio 2 and mesh size 43 µm).

Figure 48. Modified filter pump’s weight-time
graphs (w/c ratio 2 and mesh size 61 µm).

Figure 49. Modified filter pump’s total
volume graph (w/c ratio 2 and mesh sizes;
26-61 µm).

3.2.3 Modified filter pump’s summary of results and discussion
Table 5. Modified filter pump’s results using weight-time method and the total volume of passed
grout method (1st and 2nd recipes).
Weight-time method

Total volume method

bmin ( µm)

bcrit (µm)

bmin ( µm)

bcrit (µm)

Recipe 1

43

77

43

77

Recipe 2

35

54

35

54

The results of penetrability of grout measured by the modified filter pump with the 2nd recipe show
lower values of bmin and bcrit compared to the results of the 1st recipe due to the effect of increasing
the w/c ratio, Table 5.

3.3

Modified penetrability meter

3.3.1 Modified penetrability meter’s results with the 1st recipe
Figure 50 and Figure 51 show an overview of weight in time graphs and pressure drop in time graphs
respectfully.
The weight-time graphs show almost no outflow in tests with mesh sizes 35 µm and 43 µm, while in
test with mesh size 54 µm there is a negligible outflow, resulting in mesh size 54 µm being bmin,
Figure 52. Filtration occurs in tests with the mesh sizes 90-122 µm, Figure 53. In mesh size 144 µm,
the graphs of weight in time show no filtration; i.e., bcrit is 144 µm, Figure 54.

In the aperture sizes 35-54 µm show a small pressure drop increase followed by an immediate and
total decrease in pressure drop, therefore bmin is 54 µm, Figure 55.
In Figure 56, the mesh sizes 90-122 µm show gradual decrease in a pressure drop due to filtration.
This meant no one of these mesh sizes represent bcrit. The graph results of mesh size 144 show a
small decrease in pressure drop before all the grout is extracted out of the grout container. While in
test with mesh size 200 µm, the graph shows no decrease in pressure drop before all the grout is
extracted, Figure 57. Therefore, the mesh size 200 µm was considered bcrit according to the method
of pressure drop-time graph.
The measurements of penetrability by the method of total volume of passed grout showed that bmin
and bcrit are 54 µm and 104 µm respectfully, Figure 58.
All the previous tests using the modified penetrability meter were performed with 1 bar pressure.
There were some tests performed with 5 bars pressure to examine the effect of increasing the
pressure on the results. bcrit obtained using the weight-time method at 5 bars and with the 1st recipe
is; 122 µm, Figure 59. Similar value of bcrit (122 µm) is obtained using pressure drop-time method,
Figure 60.

Figure 50. Penetrability meter’s weight-time
graphs (1 bar, w/c ratio 0.8, and mesh sizes;
43-200 µm).

Figure 51. Penetrability meter’s pressure
drop-time graphs (1 bar, w/c ratio 0.8, and
mesh sizes; 43-200 µm).

Figure 52. Penetrability meter’s weight-time
graphs (1 bar, w/c ratio 0.8 and mesh sizes;
35-54 µm).

Figure 53. Penetrability meter’s weight-time
graphs (1 bar, w/c ratio 0.8, and mesh sizes;
90-122 µm).

Figure 54. Penetrability meter’s weight-time
graphs (1 bar, w/c ratio 0.8, and mesh size
144 µm).

Figure 55. Penetrability meter’s pressure

Figure 56. Penetrability meter’s pressure

drop-time graphs (1 bar, w/c ratio 0.8, and
mesh sizes; 35-54 µm).

drop-time graphs (1 bar, w/c ratio 0.8, and
mesh sizes; 90-122 µm).

Figure 57. Penetrability meter’s pressure
drop-time graphs (1 bar, w/c ratio 0.8, and
mesh sizes; 144-200 µm).

Figure 58 Penetrability meter’s total volume
graph (1 bar, w/c ratio 0.8, mesh sizes; 43122 µm).

Figure 59. Penetrability meter’s weight-time
graphs (5 bars, w/c ratio 0.8, and mesh sizes;
90 µm, 122 µm).

Figure 60. Penetrability meter’s pressure
drop-time graphs (5 bars, w/c ratio 0.8, mesh
sizes; 90-122 µm).

3.3.2 Modified penetrability meter’s results with the 2nd recipe
Figure 61 and Figure 62 illustrate an overview of weight in time graphs and pressure drop in time
graphs respectfully.
The graphs of tests with the mesh sizes 26 µm, 35 µm show a negligible amount of grout outflow,
Figure 63. The weight-time relationship is almost nonlinear in tests with the mesh sizes 43 µm, 54 µm

& 61 µm, Figure 64. While in graph of the mesh size 77 µm the relationship of weight-time is linear
with negligible filtration. Thus, bmin and bcrit were considered 35 µm and 77 µm respectfully.
The graphs of pressure drop-time of mesh sizes 26 µm and 35 µm showed a small pressure drop
increase followed by an immediate and total decrease in pressure drop. Thus bmin is 35 µm, Figure 66.
In tests with mesh sizes 43 – 61 µm, the pressure drop is gradually decreased before all the grout in
tank passed, Figure 67. While the pressure drop-time graphs of mesh size 77 µm, show no decrease
in pressure drop before the gas reached the outlet (all grout extracted). Therefore, the bcrit is judged
to be 77 µm, Figure 68.
According to the method of total volume of passed grout the bmin was 35 µm and the bcrit was 61 µm,
Figure 69.

Figure 61. Penetrability meter’s weight-time
graphs (1 bar, w/c ratio 2, and mesh sizes; 26–
61 µm).

Figure 63. Penetrability meter’s weight-time
graphs (1 bar, w/c ratio 2, mesh sizes; 26–35
µm).

Figure 62. Penetrability meter’s pressure
drop-time graphs (1 bar, w/c ratio 2, and
mesh sizes; 26–61µm).

Figure 64. Penetrability meter’s weight-time
graphs (1 bar, w/c ratio 2, mesh sizes; 43–61
µm).

Figure 65. Penetrability meter’s weight-time
graphs (1 bar, w/c ratio 2, and mesh size 77
µm).

Figure 67. Penetrability meter’s pressure
drop-time (1 bar, w/c ratio 2, and mesh
sizes; 43– 61 µm).

Figure 66. Penetrability meter’s pressure
drop-time graphs (1bar, w/c ratio 2, mesh
sizes; 26–35 µm).

Figure 68. Penetrability meter’s pressure droptime graphs (1 bar, w/c ratio 2, and mesh size 77
µm.

Figure 69. Penetrability meter’s total
volume graphs (1 bar, w/c ratio 2 and
mesh sizes; 26-77µm).

3.3.3 Modified penetrability meter’s table of results and discussion
Table 6. Modified penetrability meter’s results in terms of bmin & bcrit using the weight-time
method, the pressure drop-time method and the total volume of passed grout method (1st & 2nd
recipe, @ 1 bar).
1 bar

Weight-time method

Pressure drop-time
method

Total volume method

bmin ( µm)

bcrit (µm)

bmin ( µm)

bcrit (µm)

bmin ( µm)

bcrit (µm)

Recipe 1

54

144

43

200

54

104

Recipe 2

35

77

35

77

35

61

Table 7. Modified penetrability meter’s results in terms of bmin & bcrit using the weight-time
method and the pressure drop-time method (1st recipe, @ 5 bars).
5 bars

Recipe 1

Weight-time method

Pressure drop-time
method

bcrit (µm)

bcrit (µm)

122

122

Three different methods were used in tests with the modified penetrability meter; the total volume
of passing grout, weight-time, and pressure drop-time. These methods led to different values of the
penetrability.
bcrit obtained using the method of pressure drop-time with the 1st recipe, is larger than the bcrit
obtained with weight-time method and the total volume method, Table 6. The results of the pressure
drop in time are believed to be more accurate because the smallest filtration decreases the drop in
pressure.

The results of penetrability of grout with the 2nd recipe show lower values of bmin and bcrit compared
to the results of the 1st recipe due to the effect of increasing the w/c ratio, Table 6.
The modification of the penetrability meter has enabled the use of higher pressures in tests, giving
more flexibility in comparing the effect of increasing the pressure on the penetrability results. For
example, in tests using the 1st recipe at 1 bar, the measured value of bcrit is 144 µm, and increasing
the pressure to 5 bars will decrease the bcrit to 122 µm, Table 7.

3.4

Short slot

3.4.1 Short slot’s results with 1st recipe at 15 bars pressure
In short slot’s tests using the 1st recipe at 15 bars pressure, the resulted graphs show a linear weighttime relation in tests with aperture 50 µm and 70 µm. While the graphs show a nonlinear
relationship in test with 43µm, Figure 70. The aperture size 50 µm represents bcrit as confirmed by all
three repetitions giving a linear weight-time relationship with negligible or no filtration, Figure 71.

Figure 70. Short slot’s weight-time graphs (15
bar, w/c ratio 0.8, and mesh sizes; 43-70
µm).

Figure 71. Short slot’s weight-time graphs (15
bar, w/c ratio 0.8, and mesh size 50 µm).

3.4.2 Short slot’s results with 1st recipe at 1 bar pressure
Short slot’s tests with the 1st recipe at 1 bar pressure show small filtration in test with aperture size
177 µm, while a larger filtration is noticed in a test with aperture size 169 µm Figure 72. In test with
the aperture size 70 µm, shows a negligible outflow. The test results indicated that bmin was 70 µm,
and bcrit was 200 µm.

Figure 72. Short slot’s weight-time graphs (1
bar, w/c ratio 0.8, and mesh sizes; 70-177
µm).

Figure 73. Short slot’s weight-time graphs (1
bar, w/c ratio 0.8, and mesh size 177 µm).

3.4.3 Short slot’s results with 2nd recipe at 1 bar pressure
The graphs of test with the aperture size 70 µm using 2nd recipe at 1 bar pressure, show some
filtration, while In the test with aperture size 84 µm, no filtration is noticed, Figure 74. Therefore the
aperture size 84 µm is judged to be bcrit.

Figure 74. Short slot’s weight-time graphs (1
bar, w/c ratio 2, and mesh sizes; 70 µm, 84
µm).

3.4.4 Short slot’s table of results and discussion
Table 8 Short slot’s results in terms of bmin & bcrit using the weight-time method (1st and 2nd
recipe, at 1 bar and 15 bars).
1 bar pressure

15 bars pressure

bmin (µm)

bcrit (µm)

bcrit (µm)

Recipe 1

70

200

50

Recipe 2

-

84

-

bcrit obtained in tests with the 2nd recipe is much lower than bcrit obtained with the 1st recipe
Increasing of grout pressure from 1 bar to 15 bars had a great influence on improving the
penetrability of the grout. In Table 8 the bcrit for the same aperture and grout mix was reduced from
200 µm to 50 µm due the increase in pressure.

3.5

Summary of results and discussion of the regular filter pump, the
modified filter pump, the modified penetrability meter, and the short slot

Table 9. Summary of results and discussion of the regular filter pump, modified filter pump,
modified penetrability meter, and the short slot (1 par pressure, 1st and 2nd recipes)
Tests with
1 bar
pressure

Recipe

Regular filter
pump

Modified filter
pump

Modified
penetrability
meter

Sort slot

bmin
(µm)

bcrit
(µm)

bmin
(µm)

bcrit
(µm)

bmin
(µm)

bcrit
(µm)

bmin
(µm)

bcrit
(µm)

Total
Volume

1

43

77

43

77

54

104

-

-

2

35

54

35

54

35

61

-

-

Weighttime

1

43

90

43

77

54

144

70

200

2

35

77

35

54

35

77

-

84

1

-

-

-

-

43

200

-

-

2

-

-

-

-

35

90

-

-

Pressure
drop-time

3.5.1 Regular filter pump vs. modified filter pump
bcrit measured with the weight-time method, using the regular filter bump is lower than the bcrit
obtained using the modified filter pump in tests with the 1st and 2ndrecipe, Table 9. The results
showed that the modification effected the penetrability estimation. The differences in the results are
probably because the grout pressure in the modified filter pump was increased to a constant
pressure of 1 bar instead of a variable pressure of less than 1 bar in the regular filter pump.

There were not differences in the values of bcrit measured with the total volume method in tests
using the regular filter pump and the modified filter pump. This indicates that the total volume
method is not suitable to be used with the modified filter pump due to the lower accuracy.

3.5.2 Modified filter pump vs. modified penetrability meter
The penetrability measurement of bcrit in tests using the modified filter pump, are larger than the bcrit
measured by the modified filter pump, Table 9. The results were different, even though there are
similarities between the filter pump and the penetrability meter (the similar geometry of filter mesh
and the applied pressure). This may be due to the difference in the volume of the tested grout.
Ekulnd (2005) has discussed that the possibility of forming filter cake may be increased with the
increasing of the amount of passed grout.
The values of bmin obtained from both devices using 1st and 2nd recipe were almost similar, indicating
that the volume of passed grout and the w/c ratio has limited effect on bmin.
The use of different measuring methods has produced higher differences in results of penetrability
with the modified penetrability meter, while the different methods produced close results in the
modified filter pump. For example the bcrit obtained using the modified penetrability meter with total
volume and weight-time graph are; 104 µm and 144 µm respectively, Table 9 . This can be due to the
lower volume of the passed grout in the filter pump as the grout did not have enough time to form
the filter cake.

Figure 75. Filter cake formed during test with filter pump.

3.5.3 Modified filter pump vs. short slot
The bcrit measured by the short slot in test with the 1st recipe and the 2nd recipe at 1bar, were larger
than the bcrit measured by the modified filter pump. The bcrit obtained using the modified filter pump
is 77 µm in the 1st recipe and 54 in the 2nd recipe, while bcrit by using the short slot are 200 µm and 84
µm, Table 9. These differences in the results are probably due to differing between the geometry of
mesh filter and slot with constriction. The slot and the constriction cause a significant amount of
pressure loss as the grout travel inside the slot (Dargonvic, 2011). Furthermore the volume of tested
grout is much larger in the short slot compared with the filter pump which may also affect the
results.

3.5.4 Modified penetrability meter vs. short slot
bcrit obtained using the short slot is larger the bcit obtained using the modified penetrability meter
when measuring with the weight-time method. Since the tested grout volume is similar in both of the
devices, the different results may be due to the difference in geometry of the filter mesh and the
slot.

3.6

Recommendations for future studies

There is a need to conduct more studies based on comparing the results from field for each device
with the results obtained in the laboratory. Many tests have been conducted in this research that can
provide a good starting point for future studies. One of the possibilities is applying the results from
the laboratory on a grouting design in real conditions in the field, to examine which of these
measuring devices can produce results closer to reality.
The modified filter pump can be scaled down in a more compact design, by using a smaller frame to
be able use it in the field with the force cell and the data acquisition system embedded inside the
frame.
The effect of increasing the volume of grout container should be studied more. We have noticed
from the weight–time graphs that the filtration process was interrupted in the case of the filter pump
due to the small volume of tested grout. That made the time of the experiment much lower
compared to the penetrability meter which resulted in a lower estimate of the penetrability. The
proposed tests should be done with larger grout tanks to examine the effect of increasing the
outflow on the penetrability.
The bmin obtained from filter pump and penetrability meter were close to the d95 of tested cement,
indicating that bmin can be considered as the maximum gain size of cement. However, many more
tests on different grouting cements are needed to confirm this.

Conclusion

3.7












The effect of increasing the pressure on improving penetrability is significant. It’s possible to
obtain the good penetrability ability with a low w/c ratio by increasing pressure.
Increasing the w/c ratio improves the penetrability.
The geometry of the aperture (filter mesh or slot with constriction) in the measuring devices
affects the results.
Increasing w/c ratio or the volume of the passed grout has a limited effect on the bmin values
of the tested grout in testes with the filer pump and the penetrability meter.
The volume of grout material in the grouting tank affects the value of bcrit. Sufficient volume
of grout should be used to increase the accuracy of the results.
bcrit and bcrit are measured with higher accuracy, using weight-time method in the modified
filter pump, modified penetrability meter and the short slot. While the total volume method
has lower accuracy and it overestimates the penetration ability of the tested grout because,
it cannot follow the filtration process over time.
Pressure drop-time method is the most accurate method using the modified penetrability
meter because it can show the smallest filtration in the grout during tests.
The modification of the filter pump results in reducing many uncertainties related to the
testing procedure. Probably the modified filter pump has higher accuracy in measuring the
penetrability compared to regular filter pump. While the modification of the penetrability
meter improves the versatility of the device by enabling the use of higher pressures in the
range of 1-5 bars.
The short slot has higher accuracy in estimating penetrability of cement based grout due to
its geometry that emulates the behavior of grout inside the fracture. Furthermore, the short
slot provides a more flexible way to measure penetrability with different pressures in range
of 1-15 bars. In real conditions the grouting pressure decreases as the grout travel inside the
fracture. Therefore, it is recommended measuring the penetrability with short slot using 15
bars to emulate the high pressure at the borehole and one bar to emulate the low pressure
at a distance from the borehole inside the fractures.

4
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