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Abstract:  

The main goal of the grouting is to seal the fractures in the rock mass, improve the strength 
properties of the rock mass and decrease deformability. However, the overuse of the 
grouting should be avoided due mainly to economic reasons, optimizing the project time and 
sometimes severe environmental issues. Insufficient grout spread can cause worse sealing 
results and decrease durability. To control the process of grouting and predict the 
penetration length an analytical solution called Real Time Grouting Control theory (RTGC) 
has been developed. This thesis aimed to evaluate RTGC theory on the equipment 
representing a one-dimensional model of a fracture called Varying Aperture Long Slot - 
VALS. The evaluation was based on a comparison between the calculated (predicted) 
penetration length according to RTGC theory and the real penetration obtained in the 
experiments. Results of the tests show that the RTGC theory is a good tool to predict the 
penetration length of the grout at the joints with apertures close to the hydraulic apertures. 
At the apertures, significantly less than the hydraulic aperture, the results of the test and 
RTGC theory differ a lot. 
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1. Introduction 

Sweden is located on the Baltic (Fennoscandian) Shield. According to Hognestad et al. 
(2011) the Scandinavian geological pattern is presented mostly by the igneous rock, the 
metamorphic rock types and the remains of a younger sedimentary rock cover. These rock 
masses are in general not homogeneous and are rich in joints and fractures, which appeared 
due to the tensile stresses in the rock mass. A fracture breaks the rock in two sections that 
have not moved away from each other. A joint sees just a little or no displacement. In 
fracturing, like fault, the rock is parted forming a gap. Joints and fractures cause the 
necessity of strengthening actions. Grouting is used to improve physical properties of the 
rock mass and seal the fractures. Joint and fracture properties such as the aperture, 
roughness of the walls, continuity, direction and others influence the spread of the grouting 
material (Rafi, 2013). 

When talking about geology one should consider the ground water, its chemical level and 
other properties. As mentioned above, rock mass is jointed and water is often present in the 
fractures. Hydraulic properties of the rock mass may differ significantly. Most conductive 
zones must be treated in order to prevent disturbance of the ground water level and flooding 
of the underground infrastructure. Insufficient sealing of the underground structure may 
cause reduction of ground water level and ingress of ground water inside the structure and 
therefore stop the production or exploitation process. Reduction of ground water level can 
also cause damage to environment and structures on the surface. In order to reduce the 
permeability of the rock mass around any underground infrastructure grouting is the solution 
to fill the rock fractures and voids. The demand for tightness is constantly increasing. For 
example, in the toxic disposal storages it is crucial. At the same time, overuse of grout should 
be avoided due to economic and environmental issues. With increased requirements, the 
work time and the amount of material increases and therefore the cost of grouting process 
increases too (Dalmalm, 2004).  

1.1 Rock grouting 

Rock grouting is widely used in tunnel, dams, underground storages and other constructions.  
It is used to improve the strength properties and seal the underground infrastructures. In the 
field of rock grouting a lot has been made in the development of the equipment, methods 
and materials. However, there are still some difficulties in evaluating the grouting results. 
First, it is difficult to measure the grout spread in fractures, secondly the cost of grouting is 
not in direct proportion to the used material amount and includes the cost of work time, 
equipment operation costs and other costs. Several theories and methods have been 
developed to establish the relationship between different grouting parameters and the 
penetration length of the grouting in the rock mass. They are described more in detail in 
section 1.4 of this thesis. One of the most widely used methods now is Real Time Grouting 
Control method developed by Gustafson and Stille (1996; 2005). However, this method has 
not been evaluated before in the lab with the close to reality physical model, for instance, in 
an artificial fracture with variable aperture. During the work with this thesis a number of such 
evaluation tests were made.  

Rock grouting is used to fill in the voids in the rock mass by pumping under pressure the 
grout mix, which hardens in time. The following is achieved by grouting 

1. Reducing the permeability of the rock mass  

2. Increasing the strength properties 

3. Reducing the deformability 

https://simple.wikipedia.org/wiki/Fracture_(geology)
https://simple.wikipedia.org/wiki/Rock_(geology)
https://simple.wikipedia.org/wiki/Displacement
https://simple.wikipedia.org/wiki/Fault_(geology)
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Depending on the type and future usage of the structure the level of importance of the above-
mentioned objectives varies. So for example, for the toxic disposal storages reducing 
permeability will be of the most significance and for the construction of the tunnel in the 
densely populated area the deformability and strength issues will be considered. During and 
after grouting there are several things to consider and take care of, for instance the possible 
expansion of the rock mass due to hydraulic jacking (Lombardi and Deeree, 1993), factors 
are the economic aspects and the feasibility.  

Significance of grouting. The inflow of water in the tunnel is characterized by the maximum 
allowed amount of water ingress in the tunnel. Nowadays in Sweden this value is between 
0.5 and 10 liters/min/100 meters of tunnel (Dalmalm, 2004). Ingress of water in the tunnels 
in extreme case can cause flooding of the tunnel, destruction of the foundations and dams. 
Underground openings and tunnels are often used as storages for gas and oil, toxic waste, 
cold storage. Leakage in such areas can cause outflow of the dangerous substances from 
the underground storages into the surroundings. Lowering the ground water level influence 
the environment (disturbing the biotypes, natural water ponds) and the structures on the 
surface (settlements of the buildings). All the above can cause danger to the health and life 
of people as well as significant material losses to restore the damage.  

Limitation to grouting. Grouting process may be paused or stopped due to a large variety of 
uncertainties, circumstances and conditions. This can be unexpected flowing water, too high 
or too low temperature, existing surrounding environmental requirements and conditions. If 
the construction of the underground structures is performed close by the existing buildings 
and structures (e.g. pipelines, shafts) or drinking water wells it might be the reason to prevent 
the grouting process or cause significant change in the choice of methods and materials.  
Several materials can not be used due to economic, environmental issues or existing 
geological and hydrogeological situation. For example, cement grouts in comparison to the 
chemical grouts have the limited ability to penetrate small cracks due the size of cement 
particles however; it is more environmental friendly and cheaper to use cement based grouts 
(Eklund, 2005).  Certain rules and regulations may prohibit using certain types of grouting 
or its components e.g. plasticizers.  

1.2 Materials 

According to Eklund (2005) the grouting material can be represented by two groups: 
Chemical and cement-based grouts. Chemical grouts are often used in special cases like 
post excavation grouting or major water ingress in the tunnel. This thesis is focused on 
cement-based grouting as it is the most common type used and is one of the most 
economically efficient. Cement-based grouts have some advantages, for example: known 
and well-studied properties and durability, relatively low cost and environmental friendliness. 
Main materials used to prepare the grouting are discussed below.  

Cement. To fill the small rock fractures it is recommended to use the fine cement. There are 
several requirements that the cement grouts should fulfill: they should be stable, set quickly 
and flow readily. Cements with particle size 20-40µm are widely used for grouting. Mixtures 
on the base of these cements are used for large fissures. The water-cement ratio usually 
used is 0,6-0,8 for regular cement. For the micro-fine cement it should be higher e.g. up to 
1.0 or 1.2 (Bremen, 1997). It is usual to start grouting at w/c ratio 0.8-1.0. Micro and ultrafine 
cements are used for mixtures aimed to fill in smaller fractures. These cements are more 
chemically active and mixing process is more demandable.  

Water. The role of water was widely discussed before by Lombardi (1985; 2003). Quality of 
the water used for the grouting mix is very important. Cleaned operating water is often used 
for the construction works. However, this water can have a high PH value and contain salts. 
These can reduce the hardening time, cause stops in the grouting process and damage of 
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the equipment. The main purpose of water in grouting is to react with cement. At the same 
time for the grouting it is important to achieve the thin mass with low cohesion and viscosity 
to penetrate through the fractures. Water helps to reduce the contact between cement 
particles and avoid clogging during the grouting process (Lombardi , 2003). Friction between 
the cement particles can be the reason for an increasing pressure in the fracture and even 
stop the progression of the slurry (Lombardi, 1985). Some amount of water is also absorbed 
by the dry surfaces of the rock or equipment. In order to avoid this affect the rock above the 
ground water level can be moisturized before the grouting process. High penetrability of the 
grouting mix is achieved not only by high water-cement ratio but also by special additives. 
Increasing of w/c ratio will increase the risk of shrinkage, setting and worse bound to the 
rock surface, which can cause the insufficient grouting result.   

Stabilizers. Stabilizers are used to prevent the “bleeding” and separation of the grout. It 
happens when cement is sinking to the bottom and water remains on top of the mixture. This 
will cause dull grouting results and will cause leakages. The effect of bleeding is widely 
discussed in Draganovic (2009). For the stabilizers it is important not to increase viscosity 
of the mixture as this can prevent the grouting to penetrate the fine fractures.  

Superplasticizers. Superplasticizers are used to disperse the cement particles. This results 
in an improved penetrability. This will allow to seal the smaller fractures in the rock mass 
and/or decrease grouting time without changing the W/C ratio. If it is needed 
superplasticizers may act as retarders (Dalmalm, 2004). 

1.3 Models of joints simplification  

First works in developing the grouting spread theories were made by Hässler (1991). His 
channel network solution was solved analytically and numerically for channels and two-
dimensional discs (Gustafson and Stille, 2005).  The results of these studies showed that 
flow depends only on the dimensionality (1-D corresponds to flow in a channel and 2-D to 
radial flow in the fracture plane) and the relative grouting time was expressed as the relative 
penetration length. Where the relative penetration length is the ratio between the real 
penetration and the maximum penetration. The relationship between penetration length and 
time was introduced in Gustafson and Claesson (2005). 

In order to get the extended information on the size and position of the fractures a Televiewer 
was suggested by Ivanetich , et al. (2012). A Televiewer  has a  camera which takes high 
resolution pictures of the borehole walls. Then a 3-d Finite Elements Model can be used to 
simulate the joint distribution in the rock mass. A number of stress and permeability studies 
were performed using 3-d modelling. This kind of modelling can be used to predict the flow 
and penetration and optimize the grouting process (Carter, et al., 2012).   

1.4 Stop criteria 

As far as it is impossible to directly observe the penetration of grouting in the rock mass as 
well as to predict the exact fracture and voids pattern in order to perform the grouting and 
fulfill the permeability requirements it is extremely important to introduce the stop criteria. 
This will allow avoiding the overuse of the material and at the same time being sure that the 
rock is sealed to the desired level. Usually the maximum ingress level is decided on the 
design phase of the project. 

If the grouting did not penetrate the voids and fractures to the required grade it can reduce 
the durability of the structure and in future can cause water ingress in the underground 
construction or for example destroy the basement of the dam. At the same time, the 
exceeding of the predesigned grouting area leads to high costs and higher time commitment. 
Therefore, number of stop criteria were proposed to estimate the grout spread.   
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Previous studies for grouting are based on different approaches. One group is concentrating 
on the grouting mix and its behavior in time where another group studies the rock mass 
properties and their influence on the grouting process (Rafi, 2013). 

Rules of thumbs. Rule of thumbs is based on the in-process observations. According to 
Houlsby (1990) pressure is increased gradually with the check for leakage, rock movement 
or loose standpipe. Thicker mix and/or higher pressure can be used if none of the above 
happened. Grouting stops when the refusal or the maximum grout flow is reached. The main 
limitations of this theory are: the unknown rock conditions, difficulty in assuming the 
maximum distance the grouting has filled, jacking of the fractures (Rafi, 2013).  

Aperture controlled grouting ACG. This method is improved from the rule of thumbs by 
introducing more detailed information on geological properties, monitoring during grouting 
process and applying adjustment of mixture rheology properties during the process (Carter, 
et al., 2012). However, there is a certain practical difficulty in changing the mixture during 
the grouting. It is also time consuming and might be economically not profitable.  

Grout intensity Number GIN. According to this theory, the energy as a product of pressure 
and volume is used (Lombardi & Deeree, 1993). The GIN (Grout Intensity Number) is 
estimated empirically for different rock mass and fracture size. The pressure is increased 
gradually and the volume of the grouting mix used are controlled until the rich the GIN. The 
problems of this theory are the empirical origin of the GIN, impossible to estimate the fracture 
state and its dilation.  

Real time grouting control theory.  The RTGC theory is based on the equation where the 
time used for pumping in order to achieve a required penetration depends on flow properties 
(viscosity, yield value) and the applied pressure. These in their turn depend on type of 
materials used, w/c ratio, additives and work procedure. 

This method was introduced by Gustafson and Stille (1996; 2005), and developed by further 
studies of Kobayashi, et al. (2008), Axelsson, et al. (2009), Stille, et al. (2012), Gustafson, 
et al. (2013) and Stille (2015).  

Fundamental assumptions of this theory are: 

• The fracture aperture is not changing 

• Grouting mixture has constant properties 

• No filtration is present  

The previous laboratory studies were made using pipes Håkansson (1993) or discs (parallel 
plates with the constant aperture size) Gustafson, et al. (2013). There were grouting spread 
simulations performed using numerical model, focused on filtration and sealing effect for 
various geometry (Eriksson, 2002). Dalmalm (2001) proposed time as a parameter to control 
grouting. 

1.5 RTGC formulation 

As verified in numerous tests grouting mix can be described as Bingham material  (is 
a viscoplastic material that behaves as a rigid body at low stresses but flows as 
a viscous fluid at high stress). This means that when the shear stresses are less than the 
yield stress of the grouting mix the grout process will stop. According to Gustafson and Stille 
(1996; 2005) RTGC method is described by following equations.  

https://en.wikipedia.org/wiki/Viscoplastic
https://en.wikipedia.org/wiki/Viscosity
https://en.wikipedia.org/wiki/Fluid
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The calculation starts with determining the characteristic time for grouting. It is the time when 
the penetration length reaches 80% of possible maximum penetration 𝐼𝑚𝑎𝑥 (Gustafson, et 
al., 2013).  

Characteristic grouting time 𝑡0 is: 

𝑡0 =
6∆𝑝𝑔∙𝜇𝑔

𝜏0
2    Eq. 1 

Where 

𝜇𝑔-  plastic viscosity of the grout 

∆𝑝𝑔 - grouting pressure minus ground water pressure in the fissures 

Relative time, which defines the relative penetration, is: 

𝑡𝐷 =
𝑡

𝑡0
   Eq. 2 

The relative penetration is: 

𝐼𝐷 =
𝐼

𝐼𝑚𝑎𝑥
   Eq. 3 

Where 

 𝐼 – penetration length at time 𝑡 

The maximum grout penetration length, 𝐼𝑚𝑎𝑥 , according to Gustafson and Stille (1996) is: 

𝐼𝑚𝑎𝑥 =
∆𝑝𝑔

2𝜏0
∙ 𝑏  Eq. 4 

Where 

𝜏0 - yield stress value of the grout  

𝑏 - fracture aperture. 

Stille, et al. (2009) proposed the approximation of the relationship between 𝐼𝐷 and relative 

time 𝑡𝐷 presented below: 

𝜃1𝐷 =
𝑡𝐷

2.(0.6+𝑡𝐷)
  Eq. 5 

𝐼𝐷 = √𝜃1𝐷
2 + 4. 𝜃1𝐷 − 𝜃1𝐷  Eq. 6 

Knowing the relative penetration 𝐼𝐷 and maximum penetration 𝐼𝑚𝑎𝑥, penetration length in 

time 𝐼 can be defined from Eq.3. 
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1.6 Hydraulic aperture 

Using the Water Pressure Tests (WPT) it is possible to calculate the hydraulic aperture 
which represents the estimate value of the apertures of a fracture (Gustafson & Stille , 1996). 
It is defined indirectly through the transmissivity using the cubic law. In this work to calculate 
the hydraulic aperture, bhyd , along VALS between the inlet and outlet two water tests were 
performed. In these tests water was injected in the system with the 15 bar pressure and the 
changes of weight in time were registered.   

The volumetric flow rate is: 

𝑄 =
𝑀

𝜌𝑤.𝑡
   Eq. 7    

Where 

M- mass of injected water at time t 

ρw-the density of water 

Using the cubic law the volumetric flow rate is: 

𝑄 =
𝜌𝑤.𝑔

12.µ𝑤
. 𝑤. 𝑏ℎ𝑦𝑑

3.
(∑ ℎ𝑚𝑖+∑ ℎ𝑓𝑖

)

𝐿
  Eq.8 

Where  

µw -dynamic viscosity of water  

w - VALS width 

(∑ ℎ𝑚𝑖
+ ∑ ℎ𝑓𝑖

) - sum of the head losses along the VALS between the inlet and outlet  

L- distance between inlet and outlet 

 From the last equation the bhyd can be calculated.  

1.7 Scope of work  

The RTGC theory has not been tested at realistic conditions such as variable apertures. 
Pressure and aperture size in real grouting process are continuously changing along the 
fracture. However, in the RTGC theory value of pressure is taken at the grouting borehole 
and aperture size is actually a hydraulic aperture estimated after performing the 
corresponding water test.  

The purpose of this thesis is to evaluate the performance of RTGC theory at more realistic 
conditions such as variable apertures. This is done by performing the series of laboratory 
tests using VALS (Varying Aperture Long Slot) equipment (Ghafar, et al., 2017). The 
aperture sizes along VALS vary gradually from 230µm to 10µm. Test setup provides the 
opportunity for tests up to 20 bar pressure. Tests are performed using different materials: 
water, two different grouts and oil samples. Water tests are used to calculate the hydraulic 
aperture. The oils are used in order to eliminate the effect of filtration which is common in 
the grouting process and can influence significantly the grouting quality. Filtration is a 
situation when cement particles form stable arch, so called plug, in the fracture. This might 
cause stop of the grout flow and thus insufficient grouting results. During the experiment the 
relationship between penetration length and grouting time are studied.  The results are 
compared with the analytical solution described in previous section.    
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1.8 Limitations of the test 

The performed laboratory study had the following limitations: 

1. The equipment used allows studying only one-dimensional flow condition.  

2. Real fracture geometry is irregular. However, VALS has the identical sections with 
gradually decreasing apertures.  

3. Pressure sensors are installed not in every section. More pressure sensors would 
allow to see more accurate time when the material reaches each section.  

4. In the field the hydraulic apertures are calculated on the base of the water inflow. 
However, there is a strong critic in some publications. For example, Lombardi  (2003) 
points out that water pressure tests are approximate and might be not enough to 
define the grout intake and penetrability of the rock mass.  

1.9 Outline of thesis 

The thesis presents the laboratory tests performed to examine the performance of  RTGC 
theory using an artificial fracture with variable aperture.    

Section 1 is an introductory part, which presents the overall review on the problem and 
current knowledge of the subject. 

Section 2 describes the materials used to perform the tests as well as the equipment used 
and the test setup.  

Section 3 summarizes the results of the tests. 

Section 4 presents the discussion of the results, possible outcomes and further studies.  

2. Material and Method 

The grouting process was replicated in the lab by injecting the test materials in VALS at a 
pressure of 15 bar. A number of calibration tests were performed with the use of nitrogen 
gas and tap water. During the test, the penetration length and time were traced.  

In the test, we used different materials. Tap water was used in order to evaluate the hydraulic 
aperture of the entire slot between inlet and outlet. Two grouting mixes with different 
plasticizer amount were injected in the VALS in order to observe the real grouting process. 
Two oils with different viscosity were chosen to eliminate the factor of filtration that could 
take place in the actual cement mix.  

2.1 Materials 

For the tests following materials were used: 

• Tap water at room temperature 20°C.  

• Cement - INJ30, from Sika AB, with d95 of 30 µm (95% by weight of the cement 
particles are smaller than 30 µm) 

• Superplasticizer - I-Flow1, from Sika AB 

• Oil 1- SAE20 

• Oil 2 - SAE50 
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Two grouting mixes were prepared from the above-mentioned materials. These grouting 
mixes are close to those used in field. The difference between the recipes is due to 
superplasticizer, which will give the two mixes different rheological properties. The recipes 
are described briefly in Table 1.  

Table 1. Test grouting recipes 

Name Water-to-cement ratio (w/c) Superplasticizer-to-cement ratio 

Grout -1 0,8 0,5% 

Grout- 2 0,8 0,18% 

 

The procedure of the grout mix preparation was as follows: 

1. Weighting all the materials. 

 

Figure 1. Material preparation 

2. Cement is added to the water gradually while premixing with the hand mixer in order 
to avoid the clots.  

 

Figure 2. Premixing with hand mixer  
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3. Mixing using the rotor-stator dispersion system. Mixing was performed at 10000rpm 
for 2min.  

 

Figure 3. Mixing using rotor-stator dispersion system 

4. Superplasticizer was added after 2 min of mixing process. Without stopping the 
mixing.  

 

Figure 4. Grouting mix bubbling after adding superplasticizer 

5. Mixing process was continued for two more minutes, i.e. total mixing time was 4 min. 

6. Mixture poured into the grout tank immediately.  

 

The properties of the grout mix were measured using Mud balance for density and rotational 
rheometer, Brookfield DV-II+ , for the viscosity and the yield stress.  
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2.2 Test setup and equipment 

Equipment used for the test is described below. 

1. VALS – Varying Aperture Long Slot 

VALS is a simple 1-D model of a fracture in rock 4m long. The apertures of VALS vary 
along the length from 230 µm to 10 µm. the test apparatus was described more in detail 
in Ghafar, et al. (2017). For the grout mix in the current test the bmin (minimum aperture 
size it can penetrate) has been measured approximately 40 µm. This means it can not 
penetrate the slot after valve V04. Therefore it has been selected as the outlet.  Photo 
and schematic representation of VALS are presented on Figure 5 and Figure 6.  

 

Figure 5. Varying Aperture Long Slot 

 

 

Figure 6. Schematic representation of VALS and its geometrical properties 
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In order to simplify further work the graph of the aperture size along VALS is presented 
below (see Figure 7).  

  

Figure 7. Aperture distribution along the VALS length 

1. Three pressure sensors type P15 type (pressure transducers for Excess pressure 
suitable for measuring pressures of liquids and gasses) were positioned along the 
VALS to monitor the time that the materials reach to the certain position. Pressure 
sensors were connected to the measuring amplifier.   

 

 

Figure 8. Pressure sensors 
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2. Weight sensor, Figure 9, was required to establish the initial weight of material 
loaded in the grout tank as well as to register the weight of the injected material in 
time. This information was used for calculation of the flow and hydraulic aperture 
size.  

 

 

Figure 9. Weight sensor 

 

 

3. Gas tank with pressure regulator, Figure 10. Tank was filled with nitrogen gas and 
was used to apply the 15bar pressure to the system and replicate the real grouting 
process.  

 

Figure 10. Gas tank with pressure regulator 
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4. Grout tank with approximate capacity of 3l, Figure 11, was filled with the material for 
the test. It was connected to the pressure sensor and the gas tank.  

 

 

Figure 11. Grout tank 

 

5. Measuring amplifier, type HBM QuantumX MX440A, was connected to the pressure 
and weight sensors and personal computer.   

 

Figure 12. Data Acquisition System 

6. Personal Computer is completing the Data Acquisition System (together with 
sensors and measuring amplifier). The program “Catmat Easy” was used to register 
and analyze the test results.  

7. In order to obtain the time when the material reaches the outlet (valve V04) a timer 
is used. Timer was switched on when the pressure was applied to the system and 
was stopped when the first drop of the material is visible at the outlet.  
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8. Scales (Figure 13) to measure the weight of the materials for sample preparations. 
Scales that are more precise (Figure 13, left) were used to measure the 
superplasticizer to avoid errors.  

 

Figure 13. Scales 

9. Hand Mixer was used for premixing of the grout mix 
10. Rotor-stator dispersion system was used for the mixing of the grout mix 
11. Rotational rheometer, Brookfield DV-II+ was used d obtain rheological properties of 

the mix. Mud test was used to measure the density of the material.  
12. Various assembling tools and lifting equipment were widely used during the tests.  

The test setup is presented in the schematic form on Figure 14.  

 

Figure 14. Schematic test setup: 1-VALS, 2-measuring amplifier, 3-weight sensor, 4- grout tank, 5- 
pressure sensor for gas tank, 6- pressure regulator, 7-gas tank, 8- pressure sensor P1, 9- pressure 

sensor P2, 10- pressure sensor P3, 11-computer  
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Test procedure consists of the following stages: 

1. First, we have to assemble VALS. VALS should be dry and clean before each 
experiment.  

2. Then we need to position pressure sensors after valves V10, V8, V6. Pressure 
sensors should be dry and clean. 

3. Connect data acquisition system to the sensors, check that computer is connected 
and program “Catmat Easy” is working. 

4. Install grout tank. Connect the hose with the inlet and check the connections to make 
sure no leakage and loss of pressure will occur.   

5. Connect gas tank to the grout tank. Check connection to avoid pressure losses.   

6. Adjust pressure regulator for 15 bar.  

7. Close all valves except for V4, which is the outlet.  

8. After all the system is set up prepare materials (see material preparation above). 

9. Next, fill the tank with material for the test carefully. In case with the grout mix note 
that material should be poured in the tank immediately after the end of mixing.  

10. Perform test with the certain material as following: 

10.1 Open the inlet valve V12. At the same time start the timer.  

10.2 Monitor pressure and weight change in time. 

10.3 Stop the test when material starts to flow through the outlet valve V04. Stop 
the timer.  

11. Register and save the data. 

12. Disassemble, wash and dry VALS, grout tank and pressure sensors. 

 

Total of 8 tests were performed. Test parameters are presented in the Table 2. 

 

Table 2. List of tests performed 

TEST 
NAME 

MATERIAL 
PRESSURE, 

bar 
WEIGHT, 

kg 
DENSITY, 

kg/m³ 
VISCOSITY, 

Pa·s 

YEILD 
STRESS,  

MPa 

TIME 
REACHED 

V4, s 

W-1 TAP WATER 15 2,1 1000 0,0013 - 398 

W-2 TAP WATER 15 2,1 1000 0,0013 - 398 

G1-1 GROUT -1 15 3,86 1610 0,0083 0,08 53,27 

G1-2 GROUT- 1 15 3,67 1610 0,0083 0,08 45 

G2-1 GROUT -2 15 4,08 1600 0,0057 1,01 59,61 

G2-2 GROUT -2 15 3,88 1600 0,0057 1,01 30 

O1-1 OIL 1 SAE 20 15 2,13 880 0,1421 0,14 598,51 

O2-1 OIL 2 SAE 50 15 2,19 950 0,7546 0,55 6330 
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3. Results 

3.1 Water tests 

Results of the water test are presented on the Figure 15. Both tests gave very close results.  

 

 

Figure 15. Results of water tests W1-1 and W1-2. 

Using the geometry data of the VALS and results from the water tests W-1 and W-2 the bhyd 
(hydraulic aperture) is calculated according to the formulas described in section 1.7 of this 
thesis. The final result is summarized in Table 3. The hydraulic aperture is 0,000171m. This 
value is used in further calculations of the penetration length in time according to RTGC 
theory.  

 

 

Table 3. Hydraulic aperture based on the results of water tests 

Test name 
bhyd , 

m 

W-1 0,0001171 

W-2 0,0001171 
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3.2 Grout tests 

Results for Grout-1 

The experimental and the predicted results of the penetration length in time using RTGC 
theory for grout-1 are presented on Figure 16. The experiments were performed at the 
applied pressure of 15 bar. The injected grout reached the outlet valve in 53s (G1-1) and 
45s (G1-2). The figure shows that the calculated results of the penetration length are lower 
than the experimental results at the apertures higher to pretty close to bhyd (230μm - 70μm) 
and higher than those at the apertures lower than bhyd.   

 

 

Figure 16. Results of Gorut-1 test (G1-1 and G1-2) 
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Results for Grout-2 

The tests using grout-2 were also performed at the applied pressure of 15 bar. Grout-2 has 
lower concentration of superplasticizer (0.18% compared to 0.5% in grout-1) and so it was 
expected that the penetration time will be longer than in previous test. The grout reached 
the outlet in 59s (G2-1) and 29s (G2-2). This test showed higher difference in the results but 
the penetration length and time relation persists as can be seen on Figure 17. The analytical 
results of penetration length are lower than the experimental results at the apertures higher 
to pretty close to bhyd (230μm - 70μm) and reverse at the apertures lower than bhyd.  

 

 

 

Figure 17. Results of Grout-2 test (G2-1and G2-2) 
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Both grouting tests showed the filtration process to be present (see Figure 18). Filtration 
during the grouting process can cause insufficient grouting and further leakage of the 
underground structure. It can also be the reason of the wrong time and penetration length 
prediction. Cement particles separate from water and this can cause clogging when the 
thinner grouting mixture or only water penetrates further in the fracture and thus fail to seal 
the underground infrastructure.  

 

 

Figure 18. Examples of grouting filtration zones 

With the reducing of the aperture sizes the filtration risk increases. This effect was present 
during all four tests with the grouting mixes. In order to investigate the influence of filtration 
on the prediction results two tests with the oil were performed. It was expected that 
experimental results will be close to the analytical solution using RTGC theory. The results 
of the tests are presented below.  
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3.3 Oil tests 

Results for Oil 1 (SAE-20) 

The experimental and predicted results of the penetration length in time using  RTGC theory 
are presented on Figure 19. The experiments were performed at the applied pressure of 15 
bar. The injected oil reached the outlet in 598s. as seen in the figure, the predicted and 
experimental results are relatively close in the first 60-70. At this time, oil has propagated 
about 1-1.1m. This means oil passed the apertures of 240μm and 180μm. At the smaller 
apertures from 130μm to 40μm the difference between experimental and analytical results 
is more significant.  

 

Figure 19. Results of SAE-20 oil test (O1-1) 
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Results for Oil 2 (SAE-50) 

The experimental and predicted results of the penetration length in time using  RTGC theory 
are presented on Figure 20. Experiments were performed at the pressure of 15 bar. It is 
important to notice that OIL 2 (SAE-50) has much higher viscosity and yield stress. Oil-2 
reaches the outlet in 6330s, which is much more than for Oil -1 though in general the 
tendency of the results is similar: predicted and real test results are relatively close in the 
distance about 1-1.1m from the inlet where apertures are 240μm and 180μm . At the smaller 
apertures from 130μm to 40μm experiment and calculated values vary significantly.  

 

 

Figure 20. Results of SAE-50 oil test (O2-1) 

 

  



22 
 

 

4. Conclusion and discussion 

 

The purpose of this study was to compare the RTGC theoretical prediction of the penetration 
length with the experiment results in an artificial fracture with variable aperture. Tests were 
performed on the apparatus that replicates a fracture in rock. Two water tests gave similar 
results and were used to calculate the hydraulic aperture size used in the further calculations 
of penetration length using the RTGC theory.  

Four tests with the two different grouting mixes showed close results and revealed that at 
the apertures more or close to the hydraulic aperture the results of the theory and test are 
similar. Therefore, in this region of the aperture values the prediction made using RTGC 
theory is relevantly accurate. However, at the apertures significantly smaller than hydraulic 
aperture the tests are showing much lower penetration length values in time. So if prediction 
is made in accordance with the RTGC theory the insufficient grouting is possible.  

Two oil tests were executed to eliminate any influence of filtration. The tests showed in 
principle the same tendency as the grouting mixes. Due to difference in rheological 
properties the propagation speed was much lower though. These results show that possible 
filtration does not have large influence when prediction is made with the RTGC theory.  

As the study showed the theoretical values obtained from the RTGC theory can be used for 
the fractures with sizes close to the hydraulic aperture but should be corrected at the 
aperture sizes much lower than the hydraulic aperture. However, it is hard to predict the real 
fracture apertures and distribution in field and thus further studies are needed.  

Further studies can be made in following directions: 

• It might be useful to see if there is an alternative to using the hydraulic aperture in 
the RTGC theory. Use several sections with the real apertures. 

• Real pressures can be studied instead of the applied constant pressure.  
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Appendix A. Test data 
G1-1 

 

 

G1-2 

 

 

G2-1 
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G2-2 

 

 

O1-1 

 

 

O2-1 
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Appendix B 

 

Table B1. Summary of tests calculations 

 

 

 

 

TEST 

NAME
Marterial  τ0, Pa  µg, Pa·s Position  bhyd,m Δp, Pa t,s t0,s tD,s θ ID,m Imax,m IRTGCM,m

Inlet 0 0 0 0 0 0 0

P1 0,69 5,91E-08 4,93E-08 0,000444 0,486858

P2 5,7 4,88E-07 4,07E-07 0,001275 1,399023

P3 22,8 1,95E-06 1,63E-06 0,00255 2,797151

Outlet 53,27 4,56E-06 3,8E-06 0,003897 4,274078

Inlet 0 0 0 0 0 0 0

P1 0,56 4,8E-08 4E-08 0,0004 0,438608

P2 5 4,28E-07 3,57E-07 0,001195 1,310332

P3 20,4 1,75E-06 1,46E-06 0,002412 2,645931

Outlet 45 3,86E-06 3,21E-06 0,003582 3,928636

Inlet 0 0 0 0 0 0 0

P1 0,3 5,97E-06 4,97E-06 0,004454 0,386992

P2 6,8 0,000135 0,000113 0,021116 1,834546

P3 27,7 0,000551 0,000459 0,042373 3,681446

Outlet 59,61 0,001185 0,000986 0,061818 5,370826

Inlet 0 0 0 0 0 0 0

P1 0,1 1,99E-06 1,66E-06 0,002573 0,223536

P2 4,4 8,75E-05 7,29E-05 0,017004 1,477299

P3 20 0,000398 0,000331 0,036068 3,133626

Outlet 30 0,000597 0,000497 0,044077 3,829425

Inlet 0 0 0 0 0 0 0

P1 43 6,59E-07 5,5E-07 0,001482 0,928954

P2 231 3,54E-06 2,95E-06 0,003433 2,152052

P3 447 6,86E-06 5,71E-06 0,004775 2,992632

Outlet 598,5 9,18E-06 7,65E-06 0,005524 3,462177

Inlet 0 0 0 0 0 0 0

P1 227,2 1,01E-05 8,44E-06 0,005802 0,925655

P2 1164 5,19E-05 4,32E-05 0,013108 2,091267

P3 3637 0,000162 0,000135 0,023109 3,686964

Outlet 6330 0,000282 0,000235 0,030427 4,854565

0,000117

1500000

1500000

1500000

1500000

1500000

1500000
65204082

626,7857

O2-1 OIL- 2 0,55 0,754 0,000117 22433058
159,5455

O1-1 OIL-1 0,14 0,142

50289,19
86,88119

G2-2 Grout-2 1,01 0,0057 0,000117 50289,19
86,88119

0,000117 11671875
1096,875

G2-1 Grout-2 1,01 0,0057 0,000117

G1-2 Grout-1 0,08 0,0083

11671875
1096,875

G1-1 Grout-1 0,08 0,0083 0,000117


