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Abstract: 

An underground installation with too much inflow can lead to dangerous consequences for around 

environment, therefore a well-sealed construction results in appropriate inflows. To mitigate movement 

of ground water table in underground constructions, it is necessary to seal the rock mass by grout 

injection. To fulfill the inflow requirement, cement based grouting is both practical and economical 

solution and is used in Sweden as permanent solution because of the good quality rock mass of Nordic 

countries. To achieve an effective and more economical grouting process, the method of stop criteria 

named GIN has been developed for underground constructions.   

“GIN method” is a method in formulating grouting works which provides possibility for minimizing the 

risk of hydro fracturing and hydro jacking in grouting process to optimize it in performance and cost 

of construction process. In this report the effort is testing the validity of this method in City banan 

project which is situated in Stockholm. Data are taken from the City banan project which is under 

construction by Traffikverket in Stockholm. To attain this aim, data from monitoring of grouting process 

was collected and Pressure and flow values were obtained and have been employed as input data in 

this report. After applying GIN method, results have been analyzed and discussed in detail. It has been 

shown that in studied cases, the theory cannot provide promising results and this method is difficult to 

be applicable in this project. Therefore, additional tests are needed to the exact suitable GIN number 

for the project. 
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1. Introduction: 

The rock mass is largely discontinues [2]. Discontinues can refer to faults, joints, fissures, or 

fractures; the word “fracture” is used here as the general term[3]. Rock mass is a fractured 

porous medium containing fluid in either liquid or gas phases [4] and has a pre-existing 

fractures that have occurred naturally due to geological process [5]. An underground 

installation with too much inflow can lead to dangerous consequences for around environment. 

Therefore a well-sealed construction results in appropriate inflows, by constructing tunnels 

below the ground water table, fractures in the rock mass provide a pass way for the leakage of 

water into the tunnel [6]. The major reason that makes water leakage as a problematic case is 

harmful drawdown of groundwater table; therefore in order to prevent such a trouble, specific 

limits for permitted leakage are set for different tunnel projects [7]. 

To mitigate movement of ground water table in tunnel it is necessary to seal the rock mass by 

grout injection. The desirable method to do this is pre-grouting during excavation process. In 

this method fan of bore holes is boring into the rock in front of the excavation and are injecting 

with grout material [8].In Sweden and Scandinavia the main focus of research has been related 

to tunneling and permeation grouting in fractures of hard rock, reasons for this focus are the 

high need of water tightness and the using of unlined or only shotcrete lined tunnels in rock. 

Lugeon value is a unit devised to quantify the water permeability of bedrock and the hydraulic 

conductivity resulting from fractures [9].To fulfill the inflow requirement cement based 

grouting is both practical and economical solution and is used in Sweden as permanent solution 

because of the good quality rock mass of Nordic countries, but in other countries usually 

grouting is being used as a temporary solution where lining systems are more often used for 

permanent support and sealing. 

The inflow requirement is expressed as maximum allowable water ingress to the tunnel and in 

Sweden the rate of maximum water ingress is usually between 0.5 litters to 10 litters in 100 

meters of tunnel [10]. 

Calculating the limits for maximum allowable water ingress in tunnel is based on data from 

geo-hydrological pre-investigations which is usually being carried out during design stage, but 

the correlation between these limits and the required grouting effort is uncertain and therefore 

it is mostly dependent on the experiences from previous difficult grouting projects. 

For successful grouting the penetration of grout in the water bearing fractures among boreholes 

should make a bridge between boreholes to isolate the tunnel from the previous rock outside. 

The desired penetration and sealing of fractures cannot be measured immediately during the 

http://en.wikipedia.org/wiki/Permeability_(earth_sciences)
http://en.wikipedia.org/wiki/Bedrock
http://en.wikipedia.org/wiki/Hydraulic_conductivity
http://en.wikipedia.org/wiki/Hydraulic_conductivity
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grouting process; hence the stop criteria for when and how the injection of grout must be 

stopped cannot be solved with simple rules of thumb [11]. In order to make sure that the grout 

penetration was enough and filled the fractures the common way in Sweden is practicing that 

the grout flow must be lower than specified value at a certain injection over pressure [12]. 

Apparently if the flow is equal to zero it means that grout cannot be spread further and where 

the pressure is increasing, it can be the sign of increasing in the flow. Citing to judgment of 

best practice without theoretical basis the volume Vmax and the pressure Pmax are maximized 

to decrease the risk for an uncontrolled spread of grout. 

During recent decades, considerable understanding about the mechanism of spreading grout in 

jointed rock was achieved, that was demonstrated for instance in [13], [14],[15] and [16]. The 

studies had great effect in understanding new stop criteria in grouting process. Recently new 

method for determining stop criteria for cement grouting is released by Gunnar Gustaffson and 

Håkan Stille, and new theories about grout spread in fractured rocks that is named real time 

grouting control method  had been done by [9] and also Lombardi introduced new stop criteria 

that names GIN method that in this study we will discuss more about it which the aim of GIN 

method is controlling the grouting process and showing more economical and effective way 

for execution of the grouting and avoid the combination of high pressure and high grout takes, 

which leads to the dangerous zone for hydro-fracturing or hydro-jacking [1] and also having 

more uniform grout spreading. In this study, this method was applied for two different grouting 

fans to give a good understanding to show if this method has the capability for using in the 

tunnel cases and also check that grouting process which has been done, had the risk of hydro 

jacking or not. For this case data from two fans had gotten from the city banan project and was 

tested with the help of GIN method that results was checked and discussed. 

Up to 2012, studies about grouting are published in two main topics: Behavior of grout and 

Rock mass hydraulic properties. Most of the studies in Sweden have been done in the Royal 

institute of technology and Chalmers university, for instance Åsa Fransson studied  verification 

of  methods for estimating transmissivity distributions along boreholes [17], Lisa Hernqvist 

study was in the field of analyses of the grouting results for a section of the ÄPSE tunnel at’’ 

Äspo’’Hard Rock Laboratory [18], Gustafson study was about statistical grouting decision 

method based on water pressure tests for the tunnel construction stage [19], Jing reviewed 

techniques, advances and outstanding issues in numerical modeling for rock mechanics and 

rock engineering [4]. Lisa Hernqvist in another study focused on characterization of the water-

bearing fracture system for tunnel grouting [7]. Håkan Stille researched about application of 

new theories and technology for Grouting and focused on govern grout spread during grouting 
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operation based on real time grouting control [9]. Many other studies mostly have focused on 

finding out the stop criteria for grout, but still more studies is needed. 
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2. Objectives: 
The aim of this study was to assess the applicability of GIN method for grouting process in 

City banan project. The specific objectives were: 

1. Evaluation of the grouting process of two fans in City banan project. 

2. Testing if the GIN method is capable to control the grouting process in tunnel’s grouting and 

give accurate results in this project and see the difference between designing GIN method and 

the stop criteria that have been used in the project. 

3. Testing the risk of hydro jacking (uplift) thorough development of GIN method and to check 

the accuracy of its results. 
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3. Literature study: 

3.1 Purpose of pre-grouting in rock tunnels: 
The main purpose of pre-grouting is to reduce the hydraulic conductivity and permeability of 

the rock mass in which a tunnel is located and thereby the leakage of water into the tunnel will 

be reduced [22]. Pre-grouting can affect the stability of the tunnel in which grout is injected to 

fill up the joints and to stabilize the fractured rock.  In addition, with the help of pre-grouting 

the need for performing the post grouting will be less. 

 

However, there are also other aspects to be considered like: 

_ the feasibility; 

_ the durability of the expected desired effects; 

_ the economics of the treatment, which are the costs and the time required to carry it out.  

 

3.2 Limitations to grouting: 
There are a numbers of conditions and circumstances that may prevent the grouting process, 

unless some special measures are taken. In addition to the too low temperatures which can be 

harmful to the process, flowing water may require the adjunction of some anti-wash additives. 

A very high sensibility of existing buildings or structures may make grouting work 

unfavorable. Further, certain types of grout may not be permitted when different kinds related 

to the environment are considered. The use of any kind of grout might by prohibited by the 

nearby presence of springs used for drinking water. This might impose a temporary freezing of 

the ground water instead of grouting of the rock mass.  

3.3 Hydro-jacking and hydro-fracturing: 
There are two events which can happen in grouting: "hydro-jacking" and "hydro-fracturing", 

which are often imprecisely understood. This confusion may lead to wrong decisions on the 

grouting site. It’s believed that hydro-jacking should refer to the opening by the grout of pre-

existing joints in the rock mass, while hydro-fracturing describes the forming of new cracks 

due to an increased pressure of water or slurry. In fact, hydro-fracturing event is rare during 

normal civil engineering grouting works [1]. During grouting, not every one of the observed 

drops in the pressure can be interpreted as a hydro-fractioning event. Certainly, pre-existing 

joints may also open suddenly. According to Figure 3-1, an elastic instability is taking a place. 

In the current practice, true hydro-fracturing is mainly related to the "potential joints" like weak 

inter-stratigraphic or beddings planes. The opening of these planes is due to the tensile stresses 

induced in the compact rock by the nearby pressure of grout or of water [1]. 
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Figure 3-1: Hydro jacking as a kind of elastic instability 

 [1] 

 

This happens more frequently when the borehole is parallel to the planes of weakness. Hydro-

jacking happens more or less in the same way regardless of the angle between the borehole and 

the joint. 

 

 

As shown in figure 3-2, combinations of hydro-jacking and of hydro-fracturing are also 

possible. However, the risk is noticeably greater when water or a thin mix is pressed into the 

fine "potential" joints where a thick mix can hardly penetrate. 

           Figure 3-2: Penetration of grout under pressure in joints [1]. 
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However, the main question that remains is whether a hydro-fracturing is always of harm or 

not, while the hydro-jacking is fundamentally the expression of an effective grouting which, in 

addition to filling at no pressure, opens voids in the rock mass. 

If strong slurry with good bounding properties to the rock is used, a hydro-fracturing is rarely 

harmful from the technical point of view; except that it produces an excessive heave at shallow 

depth. However, the possible useless waste of grout and therefore the related additional costs 

due to important hydro-fracturing events causes undesirable economic consequences, likewise 

an excessive hydro-jacking of existing joints. 

The French term "claquage" may apply to both cases and refers generally to the sudden opening 

of a new way for the grout, which will concentrate along certain surfaces as interpreted by 

Figure 3-1. 

Hydro-jacking and hydro-fracturing are both related to splitting forces across the joint 

considered. These forces are noticeably the integral of the pressures acting on any single 

element of the joint surface. Thus, they are the function of the pressure applied in the grout 

hole, as well as the extension of the surface submitted to pressure. It can be assumed that the 

surface is related to the volume of grout already pressed in, clearly only as long it has not yet 

set. This can be considered as an acceptable approximation. 

3.4 Grout properties: 
The grout is categorized in terms of penetrability, rheology, and bleed. Its properties are defined 

as time dependent. 

According to Bingham model, the rheology is described with two parameters. These are the 

yield value (τ0) and the viscosity (μB), which are used to describe the flow behavior. Where the 

viscosity of a fluid is a measure of its resistance to gradual deformation by shear stress or tensile 

stress [23] and Yield value is a measurable quantity similar to, but not dependent on, viscosity. 

It can be thought of as the initial resistance to flow under stress [24] recommended the use of 

the Bingham model to describe the flow behavior of grouts. This model states a linear 

relationship between the shear stress and the shear rate as shown in Figure 3-3, the yield value 

(τ0) is found at the intercept with the y-axis and the viscosity (μB) is the gradient of the curve. 

The figure also shows the Newtonian model for water. 

Based on the rheological behavior the flow equations can be derived [25]. The flow equations 

are based on flow in 1D element with an opposing water pressure [26]. The penetrability of 

cement based grouts is limited, since the cement based grout penetration is related to the size 

of the particles and in that case only aperture that is large enough can be penetrated with the 

suspension. To include this part in the calculations the grout is characterized with two 

parameters, a minimum (bmin) and a critical aperture (bcritical), defining an aperture interval 
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where the grout will be filtered. The minimum fracture without filtration (bcritical) and the 

aperture size which no grout can pass is indicated as (bmin). The grout will be filtered between 

these two values of aperture, as shown in figure 3-4. If the aperture is larger than bcritical no 

filtration happens and if the aperture is smaller than bmin no grout can pass. If the aperture is 

smaller than bcritical, a filter cake forms in front of the constriction. This is illustrated in Figure 

4 by black shading. Further details of this are given in (Eriksson 2000) [26]. 

Figure 3-3: Illustration of the flow models for suspensions (Bingham flow model) and for water (Newtonian 

flow model). 
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Figure 3-4: A theoretical model showing how to view the filtration process during grouting [26].The median gray 

symbolize grout of initial quality. The black shading in front of the constriction represents a thickened grout which 

blocks further flow (filter cake). The light gray represents a grout that has been filtered and therefore having a 

reduced density. 

 

The separation of water and solid in the grout is referred to as bleed, in which there is a volume 

of water on top of the grout. Compared to a completely filled fracture, this volume is potentially 

giving a resulting higher conductivity in a grouted fracture. The bleed is included in the flow 

model so that the aperture of a grouted element in the calculation is given a resulting aperture 

in relation to the bleed, meaning that 10% bleed gives a resulting aperture of 0.1 times the 

initial aperture [26]. 

3.5 Water loss measurements: 
Water loos measurement tests or Lugeon tests are a short duration tests that are executed with 

injection of water on constant pressure and the assumption is having steady state conditions 

which are evaluated by calculating Lugeon value [27]. 

Lugeon value is determined by the volume of injected water into borehole per meter and time 

unit (minutes) at 10 bar pressure (1MPa). According to equation 3-1: 

Lugeon Value = (
𝑞

𝐿
 ) × (

𝑃0

𝑃
)                                                                                                        (3 − 1) 

where 

q - flow rate [lit/min] 

L - Length of the borehole test interval [m] 

P0 - reference pressure of 1 MPa [MPa] 

P - Test pressure [MPa] 
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3.6 Stop criteria: 
The stop criteria have an adjudicating effect in the grouting result. The injection of the grout 

should be stopped if the stop pressure which means the pressure that if it is exceeded there is a 

risk of hydro jacking, is achieved but in principle there is no stop pressure. Instead, the grout 

injection should be stopped when the grout flow is smaller than a certain value [11]. 

Theoretically to achieve an adequate tight zone around the tunnel without spreading the grout 

more than needed length, it is required to specify the minimum and maximum penetration 

length but it cannot directly be measured so another measurements should be done to estimate 

if the penetration length is sufficient or not. In order to avoid the drastic increase of the leakage 

due to any deficiency in grouting it is necessary to imply an overlap of grouting of the fractures 

penetrated. 

 In design criterion first, the penetration of the smallest groutable fractures shall reach 

minimum up to halfway from boreholes. Due to complex penetration of grout that may cause 

to penetrated grout be longer than distance between boreholes it is requisite to set sufficient 

margin [28]. 

3.7 Transmissivity of fractures: 
Transmissivity or conductivity of fractured rock is a hydraulic property of water bearing 

materials that like permeability gives a concept about the water-bearing capacity of 

hydrological bodies. The values from transmissivity offer data on risk of leakage of 

groundwater into tunnels [29]. 

In the case of smooth fracture with a constant aperture (b) the transmissivity may be calculated 

as [30]: 

𝑇𝑓 =
𝜌𝑤𝑔

µ𝑤
×

𝑏3

12
                                                                                                                                   (3.2) 

Here Tf (fracture transmissivity) is the ability of fracture to let flowing of water; b is hydraulic 

aperture; µw is viscosity of water; and 𝜌w is density of water and g is the gravity acceleration. 

Transmissivity of the borehole is the sum of the transmissivity of all fractures which penetrated 

by the borehole that it means: 

𝑇 = ∑ 𝑇𝑓

𝑁

𝑛=1

                                                                                                                                            (3.3) 
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Another way of calculating transmissivity of fracture is by determining water pressure test 

(WPT) and with the help of Moye’s formula [31]: 

𝑇 =
𝑄𝑤 × 𝑝𝑤 × 𝑔

2𝜋 × ∆𝑝𝑤
× [1 + ln (

𝐿

2𝑟𝑏
)]                                                                                               (3.4) 

Here ∆pw Injection over pressure ∆pw=dhw× 𝜌w×g, rb is the radius of borehole and L consider 

the length of test section. 

For a short duration test transmissivity is estimated as a specific capacity, by dividing inflow 

Q over hydraulic head drop, ∆h [20]:  

𝑇 =
𝑄𝑤

∆ℎ
                                                                                                                                                 (3.5) 

If data for hydraulic conductivity is available according to, transmissivity can be calculated by 

[32].  

𝑇 = 𝑘 × 𝐿                                                                                                                                             (3.6) 

where 

k: hydraulic conductivity related to water flow (𝑚
𝑠⁄ ) 

L: length of the test section (m) 

3.8 Hydraulic aperture: 
The Rock is described by fracture’s aperture [33], the aperture of the fractured rock is 

inconceivable to determine due to its variation within the fractures, therefore, for simplifying, 

fracture’s aperture is replaced by hydraulic aperture (b) that is determining through 

transmissivity using Cubic law according to equation (3.2) [34]:  

𝑏 = √
12µ𝑤𝑇

𝑝𝑤𝑔

3

                                                                                                                                     (3.8) 

here 

рw: density of water (Kg/m3) 

µw: viscosity of the water 

T : transmissivity of the fracture (m2/s) 

and g : gravitational acceleration (m/s2) 
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4. Methods: 

4.1 The GIN principle: 
Different methods are being used to choose the type of grout mix and pressure and also 

controlling the grouting process. Some of these methods are based on the empirical ground and 

some on theoretical base, GIN method, which is stated by Lombard [35], is one example of 

theoretical methods. 

The aim of GIN method is to obtain the results which contain minimum risk of hydro jacking 

and minimum cost not only in the short term after finishing grouting process but throughout 

the whole projects life time [36] for controlling the grouting process and showing more 

economical and effective way for execution of the grouting. GIN method focuses mainly on 

avoiding the simultaneous occurrence of high pressure and high grout takes during grouting 

process, where the combination of them leads to the dangerous zone for hydro-fracturing or 

hydro-jacking [1] and also having more uniform grout spreading. 

In the grouting process, the expended energy is related to the product of the final grouting 

pressure and the intake grout volume, which is given product, is (PV) and is named the Grouting 

Intensity Number or GIN. The pressure is used as bar and the volume unitized to volume of 

grout that is used per meter of borehole length (liters/m) or as a weight of cement injected in 

kg/m, resulting in PV , which means the GIN units being (bar.liters/m) [35].  

GIN=Pf.×Vf 

where  

Pf=final pressure (bar) 

and Vf=final grout take per meter (liter/m) 

The grouting intensity is based on final pressure at rest, because the pressure during grouting 

process is influenced by the rate of flow which depends greatly on the operator and the way he 

conducts the process. When the process is stopped, the flow rate being nil and at this time 

pressure is at rest which is a function of the cohesion of grout mix and rock mass properties 

[36]. In figure 4-1, the possible relation between the grout take versus the final pressure is 

shown. Normally the pressure is increasing unsteadily while the volume always increases. The 

irregularities in the pressure can be explained, for instance a drop in the pressure can be caused 

by hydro-jacking effect or opening of new grout path [36]. 
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Figure 4-1: 1=actual pressure at the borehole mouth while flow rate q>0 ,2=’’pressure at rest’’, that is by flow 

rate q=0,F1=intermediate stop, F=final stop of grouting when v=vf  and p=pf, thus GIN= vf . pf 

 

As the grouting process can be stopped at any time or any pressure, it can be stopped at any 

grouting intensity value selected (figure 4-2). 

By limiting the grouting intensity we are in fact limiting the injected energy that leads to 

avoiding the risk of damaging the rock mass [36]. 

 

Figure 4-2: The grout process can be stopped at any final pressure required or by reaching any required GIN 

value, (there is no such situation as ‘’refusal’’ by the rock). 

 

Three limits that should be taken into account for designing a grouting work: 

1. The maximum pressure, 

2. The maximum take, 

3. The maximum intensity. 

According to [1], the maximum pressure which can be applied in some way is related to 

expected water pressure at the area during life time of the structure. Normally ratio of 2 or 3 

MPa in respect of this water pressure can be reasonable. 
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The grout volume limit is not absolute boundary, but is important in taking a decision to stop 

or continue the grouting, stop the grouting and continue later, abandon the borehole and drills 

another nearby hole or ads anti wash product to the mix. 

The GIN number is an indicator of the average distance reached by the grout that is depends 

on the requirements of the project. GIN method is helping to minimize the risk of the hydraulic 

fracturing. Figure 4-3 shows one example of the difference between the traditional method and 

the GIN method in the limitation of the grouting process. 

 

 

Figure 4-3: The limitations of the grouting process.[1] 

a) traditional method: limit ADG                     Pmax=maximum pressure; 

b) GIN-method: limit ABCG                               vmax=maximum take; 

In figure 4-3 in the upper corner danger of hydro fracturing exists, grouting path like F and H 

are not allowed. 

4.1.1 Selecting GIN number: 

According to Lombardi [36] for defining the GIN value it is needed to have knowledge about 

groutability parameter. This parameter indicates the ability of the rock mass for being grouted 

that depends on the number of joints per meter of borehole, the fractures roughness and the 

variations in geometry of the fracture. It is clear that GIN value will have to be defined for any 

zone of the project with homogeneous rock conditions, depending on its groutability and the 

objectives that has to be achieved by the design in that zone. For investigation at groutability, 

there are three ways: theoretical, experimental and observational. 

The theoretical method involves simplified description of the actual joint sets in the rock mass, 

and simulating the grouting process. The exact pattern of all actual joints is not known with 

sufficient precision at every spot of the rock mass so this method is only usable for simple cases 

like grouting single cracks in a concrete mass. 
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The experimental method is focusing on carrying out a field test and estimate the distance that 

is reached by the grout during grouting process as a function of different GIN values. These 

tests are recommended, but due to the fact that they have to be done for various directions in 

different elevations as well as different grouting pressures, the number of measurements will 

be very high so they cannot always be carried out. 

After carrying out the field tests the estimated reach (I) can be defined then the groutability 

parameter is calculated by formula: 

𝐾 = 𝐼𝑡 × √
𝑐𝑡

𝐺𝐼𝑁𝑡

3
                                                                                                                                   (4.1)  

where 

subscript t indicate fileld test value 

and GIN number is defining by: 

𝐺𝐼𝑁 =
𝑐 × 𝐼3

𝐾3
                                                                                                                                      (4.2) 

I=Required reach 

c=actual cohesion of soil 

Finally the observational method. In this method the grouting process can be started with 

provisional value for GIN value based on previous grout experiences, which can be adjusted 

during the grouting process due to the obtained results to get the actual GIN value. Figure 4-4 

shows set of standard GIN limiting curves that can be helpful as starting guidelines. 

 

Figure 4-4: Standard limiting curves 
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In this study, for choosing the GIN number when the aperture size is assumed and the final 

pressure is known and the approximate needed grout spreading is chosen, it is possible to 

calculate the grout intake with this equation [1]: 

𝑉 = 𝜋 × 𝐼2 × 𝑏                                                                                                                                    (4.3) 

 

where 

V= Grout take (per meter borehole)                            

I= Average reach of grout 

b=Opening of theoretical flat joints 

 

After calculating the grout take, it is conceivable to calculate the GIN number from this 

equation: 

𝐺𝐼𝑁 = 𝑃 × 𝑉                                                                                                                                       (4.4) 

4.2 The risk of hydraulic uplift with developed GIN method: 
The risk of hydraulic uplift should become minimized. For this purpose it is needed to calculate 

the uplift force and the maximum grout volume with no flow, equations 5.5 and 5.6 can be used 

[13]: 

𝐹 =
𝜋 × 𝐼2×𝑃

3
                                                                                                                                      (4.5) 

𝑉 = 𝜋 × 𝐼2 × 𝑏𝑐                                                                                                                                  (4.6) 

From combination of equations 4.5 and 4.6: 

𝐹 =
𝑉 × 𝑃

3 × 𝑏𝑐
=

𝐺𝐼𝑁

3 × 𝑏𝑐
< 𝐹𝑎𝑙𝑙                                                                                                              (4.7) 

But due to the fact that the fracture is not completely open to grout, equation (4.5) should take 

another factor (k), then: 

𝐹 =
𝑘 × 𝜋 × 𝐼2 × 𝑃

3
                                                                                                                           (4.8) 

where 

F= uplift force 

Fall=allowable uplift force 

I= grout spreading distance 

V= volume of grout 

P= grout pressure 

bc= constant aperture 

GIN= GIN value 
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𝑘 = factor that shows the amount of contact areas in the fracture and also apertures smaller 

than grout penetration capacity. 

The factor 𝑘 is decreasing when the contactact areas in the fracture are increasing. That means 

for the same grout spreading (I) if the open part of the fracture is reduced, the areas subjected 

to grout pressure decreases. 

For defining factor (k) the spreading angle (𝛼) that can be evaluated from a rock mass 

classification [37] can be seen as a kind of flow dimension [25]. The assumption is grout flowed 

in channels in a fracture system, and the channels geometry is simplified to an open sector in a 

circular fracture plane with a constant aperture (b). 

the values of (𝛼) is inserted in table (4-1): [38] [39]  

Table (4-1) 

RMR-classification Spreading angle(𝑟𝑎𝑑𝑖𝑎𝑛𝑠 ) 

Very good 2.4 

Good 0.8 

Fair 0.4 

Poor 0.2 

 

In agreement with table 4-1 by decreasing the quality of the rock, the spreading angle is 

decreasing which can be explained by the fact that fewer open and unfilled joints exist than the 

better rock [37]. 

For calculating the factor (k) it is possible to use the following formula [40]: 

𝑘 =
𝛼

2𝜋
                                                                                                                                                  (4.9) 

4.2.1 Grout spreading distance: 

For good estimation of the grout spreading distance, it is needed to take into account the 

groutability factor (K) [36]. The groutibility factor is related to: 

- The number of joints per meter of borehole; 

- The fractures roughness; 

- The variations in geometry of the fracture. 

With combining groutability factor and the relation between GIN value and the grout spreading 

[40]: 

𝑃 ∝
𝐼 × 𝜏°

𝑏
                                                                                                                                          (4.10) 

𝑉 ∝ 𝐼2 × 𝑏                                                                                                                                          (4.11) 

→ 𝐺𝐼𝑁 = 𝑃 × 𝑉 ∝ 𝐼3 × 𝜏°                                                                                                             (4.12) 

where 
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𝑃 = pressure in the borehole at zero grout flow 

𝑉 = Grout volume at zero grout flow 

𝜏° = yield value of grout 

𝑏 = aperture of fracture plan 

𝐼 = grout spreading distance 

We get: 

𝐺𝐼𝑁 = 𝑃 × 𝑉 =
𝐼3 × 𝜏°

𝐾3
                                                                                                                  (4.13) 

𝐼 = 𝐾 × √
𝐺𝐼𝑁

𝜏°

3

                                                                                                                                (4.14) 

By using the expression of GIN value as the product of volume (V) and pressure (P) this 

equation can be changed to: 

𝐼 = 𝐾 × √
𝑃 × 𝑉

𝜏°

3

                                                                                                                              (4.15) 

4.2.2 Groutability factor (K): 

For calculating groutability factor three principal ways are existing [36]: 

1. Classification of the rock mass by simulation of grouting sequence; 

2. Measuring the grout spreading by different yield values and GIN values; 

3. Updating the GIN values from observing the grouting procedure. 

But also it is possible to estimate groutability factor by means of spreading angle (α) and the 

number of fractures (N), the groutability factor can be defined by the following equations [25]: 

𝑉 = 𝐼2 × 𝑏 × 𝑁 ×
𝛼

2
                                                                                                                        (4.16) 

𝐼 =
𝑃 × 𝑏

2 × 𝜏°
                                                                                                                                        (4.17) 

where: 

𝛼 = spreading angle 

V = volume of grout at zero grout flow 

b = aperture of fracture 

I = grout spreading distance 

N = number of fractures 

P = grouting pressure at zero grout flow 

𝜏° = yield value of grout 

by the combination of these equations and compare to equation (4.15) : 
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𝐾 = √
1

𝑁 × 𝛼

3

                                                                                                                                     (4.18) 

For defining the groutability factor the yield value must be known, with only one batch of grout 

mix and yield value has to be defined at the time of refusal (zero flow) [15]. 

4.2.3 Allowable uplift force (fall) when grouting tunnel: 

In the tunnel grouting the allowable force is related to overburden because of the weight of the 

rock mass, so without taking into account the shear strength the allowable uplift force can be 

estimated with equation 4.19 [40]:   

𝐹𝑎𝑙𝑙 = 𝑘1 × 𝜌 × 𝑔 × ℎ × 𝐼2 × 𝜋                                                                                                    (4.19) 

where: 

𝐹𝑎𝑙𝑙: allowable uplift force 

𝑘1: factor related to geometry of lifted rock mass   

𝜌: rock mass density 

𝑔: gravity force 

ℎ: depth of the fracture from ground surface 

𝐼: grout spreading distance 

 
 

 

Factor k1 can be expressed in terms of the grout spreading distance (𝐼) and depth from below 

the ground surface (ℎ)[40], by assuming the cone angle (𝛽) is equal to 45°, the following 

equation can be derived [41] [42]: 

𝑘1 = 1 +
ℎ

𝐼
+

1

3
× (

ℎ

𝐼
)2                                                                                                                   (4.20) 

As it was expressed   𝐹 < 𝐹𝑎𝑙𝑙  that it means: 

𝑘 × 𝜋 × 𝐼2 × 𝑃

3
< 𝑘1 × 𝜌 × ℎ × 𝐼2 × 𝜋                                                                                       (4.21) 

Or 

𝑃 <
3 × 𝑘1 × 𝜌 × 𝑔 × ℎ

𝑘
                                                                                                                (4.22) 

By replacing value of factor k1: 

𝑃 <
3 × 𝜌 × 𝑔 × ℎ

𝑘
 × 1 + (

ℎ

𝐼
) +

1

3
× (

ℎ

𝐼
)

2

                                                                               (4.23) 

  

 

The volume of the grout can be expressed as [25]: 

𝜌 
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𝑉 = 𝐼2 × 𝑏 ×
𝛼

2
× 𝑁                                                                                                                         (4.24) 

where 

N= number of fractures 

By combining this formula with concept of factor k, the volume is given by: 

𝑉 = 𝐼2 × 𝑏 × 𝜋 × 𝑘 × 𝑁                                                                                                                 (4.25)                                                              

Where 

𝑘 =
𝛼

2𝜋
 

 

The normalized pressure (Pn) and normalized volume (Vn) is introduced by [40]: 

𝑃𝑛 =
𝑃 × 𝑘

3 × 𝜌 × 𝑔 × ℎ
                                                                                                                         (4.26) 

  

𝑉𝑛 =
𝑉

ℎ2 × 𝜋 × 𝑘 × 𝑁
                                                                                                                      (4.27) 

For determining the risk for hydraulic uplift from equations 4.23 and 4.25 this relation: 

 𝑃𝑛 < 1 + √
𝑏

𝑉𝑛
+

1

3
 ×

𝑏

𝑉𝑛
                                                                                                                  (4.28)      

 

By illustrating the relation between normalized pressure (Pn) and normalized volume (Vn)  for 

different apertures figure 4-5 can be obtained [40]:

 

Figure 4-5: Relation between normalized pressure (Pn) and normalized volume (Vn) for different apertures. 
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For the specific aperture the area under the line is showing the safe side for the risk of hydraulic 

uplift that means the area above the line represents the uplift is occurred. As it is shown in 

figure 4-5 the relation between volume and pressure is not constant, so for a different choice 

of GIN value the risk for hydraulic uplift will be different for different situations. By dividing 

normalized volume (Vn) by aperture (b), the normalized grout spreading can be derived [40]:  

𝐼𝑛 =
𝐼

ℎ
= √

𝑉𝑛

𝑏
                                                                                                                                   (4.29) 

by introducing this equation in equation(4.28): 

𝑃𝑛 < 1 +
1

𝐼𝑛
+

1

3 × 𝐼𝑛
2

                                                                                                                      (4.30) 

Finally in the relation between normalized pressure (Pn) and normalized grout spreading (In) 

as it is illustrated in figure 4-6 the area above the line shows risk area for uplift and the area 

below the critical line shows that there was no risk for hydraulic uplift. 

 

Figure 4-6: Relation between normalized pressure (Pn) and normalized grout spreading (In), none of them has 

dimensioned. 

The calculation of the normalized spreading is based on estimating of the aperture (𝑏) and the 

spreading angle (𝛼) . Aperture (𝑏) can be evaluated from hydraulic tests and the spreading 

angle (𝛼) from rock classification or simulation of the grouting[40] [43].  
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5. Work procedure in city banan project: 

5.1 Equipment: 
 In city banan project different types of equipment were used to execute the grouting work: 

 Boomölift (2 boom)-Normet Himec 9905 BT 

 Lifting device for cement big bags (Merlo) 

 Grouting unit (Obermann Unit MGU 6/DP 50× 1) mounted on regular truck. 

 Water pumps 

 Packers (Manual single packers min. 1,5 m long, outer ∅48 − 51mm / double packer 

for water loss measurment to be coupled every 3m) 

 High pressure hoses 

For testing the grout materials these equipment were used: 

1. Mud balance 

2. Marsh funnel 

3. Filter sieve 

4. Thermometer 

5. Cups for cup test 

Grout materials: 

Three different grout mixtures were used in City banan project: 

Grout Mixture I (w/c-ratio 0.8) 

Grout MixtureII (w/c-ratio 0.6) 

Grout Mixture III (w/c-ratio 0.5) 

Grout mixes based on cement ‘’Rheocem 650’’ with 0.5%→ 0.2% additives ‘’Rheobuild 

1000’’. were used. 

Grouting procedure: 

 Drilling injection holes (MWD) 

 Measuring the deviation of drilled holes 

 Water loss measurement in grouting holes 

 Performs  the grouting 

 Drilling inspection holes 

 Water loss measurement in the inspection holes 

 Supplemental grouting if required 

 Post grouting if require 
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5.2 Grouting process and stop criteria in City banan project chart: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Grouting is starting with grout 

mixture 1 

Grouting volume 300 liters 

 

Case1 

If the grouting pressure is larger than 

50 % of stop pressure (𝑃𝑔 >
𝑃𝑠𝑡𝑜𝑝

2
) 

Case2  
If the grouting pressure is less than 

50% of stop pressure(𝑃𝑔 <
𝑃𝑠𝑡𝑜𝑝

2
) 

Grouting continues with mix number 1 up to 200 

liters, that means total volume up to 500 liters, and 

then 

Stop criteria: Stop pressure or minimum flow is 5 liter/5min 

If the stop criteria for mix number 1 did 

not meet, grouting continues with mix 

number 2 up to 300 liters 

Stop criteria: Stop pressure or minimum flow is 5 

liters/5 min  

If the stop criteria for mix number 2 did not meet, grouting 

continues with mix number 3 up to 400 liters 

Stop criteria:Max 400 liters 
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5.3 Geology of the fans and grouting requirement: 
In Stockholm area the bedrock mainly consists of crystalline rock such as Gnesis and medium-

grained younger Granit that is called Stockholm Granit, in two common variants (red and gray). 

The red Granit normally has higher fractures than the gray one and occurs mostly in the 

weakness zones. 

In the two discussed fans that are located between Klarastrandsleden and Norra station area, 

the dominant rock in drill core is Gneiss (79.4%) with minor touches of Granit (20.4%), which 

was classified from good to very good according to RMR-system. Biotite Gneiss is light to 

dark gray, depending on the amount of biotite in graphite which occurs in between both the 

mass and cracks. The Granit is gray, fine to medium graind and mass forming. The medium 

accuracy rate for entire hole is 4.2 fractures/m in six main fracture sets which is mostly tight to 

slightly open fractures that filled with chlorite. The rock mass conductivity is 2.1 ×

10−7 𝑚
𝑠⁄  with borhole length of 28.65 up to 31.65 m. The groundwater table was considered 

to be situated 6m to 7m above the tunnel. The maximum ingress of water after grouting is set 

to 0.3 Lugeon (liters/min /m). 

 

 

6. Assumptions: 
According to pre-investigation results from rock mass classification in two fans these 

estimations were made. 

 

Table: 6.1 

Fan Aperture, b (µm) Spreading angle, α 

(radian) 

Number of fractures 

1 ≈190 ≈0.8 ≈4 

2 ≈190 ≈0.8 ≈4 

 

 

1. For assuming the number of groutable fractures it is possible to choose the number of 

fractures from map intensity of main fracture sets in the tunnel that in this case is 4.2 fractures 

per meter. According to (Janson, 1998) 10% of the fractures are water bearing and 50% of the 

water bearing fractures are subjected to grout [37], that means the number of possible fractures 

that can be penetrated with grout in this project is around 4 fractures in a borehole: 
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𝑁 =
𝑛𝐿

10
× 0.5 =

(4.2 × 21)

10
× 0.5 ≈ 4.4 

where 

N: number of fractures in borehole 

n: number of fractures per meter borehole 

L: borehole length 

 

2. Spreading angle according to rock mass classification is approximately 0.8 [39]. 

3. Conductivity of the fractures is approximately 2.1 × 10−7 𝑚
𝑠⁄  , that is for 30 m bore hole 

then the transmissivity of fractures is equal to 6.3 × 10−6  𝑚
2

𝑠 ⁄ . 

4. According to equation of hydraulic aperture (equation 3.8): 

𝑏ℎ𝑦𝑑 = √
12µ𝑤𝑇

𝑝𝑤𝑔

3

= √
12 × 8.9 × 10−4 × 6.3 × 10−6

1000 × 9.8

3

= 1.9006 × 10−4𝑚 ≈ 190 𝜇𝑚 

The flow is governed by aperture cubed(𝑄~ ∑ 𝑏3) that means fractures with larger aperture 

take most of the flow. If the aperture size is 1 mm the amount of flow which is taken by this 

fracture is equal to 1000 fractures with aperture size of 0.1 mm. Therefore for simplify 

estimation of aperture size, 80% of calculated maximum aperture can be a good 

approximation for largest groutable fracture aperture that can be named as a main fracture 

aperture [44]. 

𝑏 = 0.8 × 190 = 152 𝜇𝑚 

 

So in this case instead of grouting whole 21 meter borehole with different aperture sizes, we 

assume that one fracture is grouted which covers all the fractures. 

 

5. The tunnel depth below the surface in these two fans is minimum 7 meter (h= 7m). 

6. According to geological investigations, the overburden of the rock mass for avoiding hydro 

jacking and uplift  is assumed by the predicted grout zone (penetration length) which is about 

10 meters (I= 10m). 

7. According to geology investigations, the density of the rock mass in this case is 

about 2700 𝑘𝑔/𝑚3. 
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7. Investigation data: 

7.1 Pre-investigation of grout properties: 
Pre-investigation of grout materials was performed to achieve the best grouting material for 

the grouting process. 

Grout mix is based on ‘’Reheocem 650’’ with 0.5 to 0.2 % of additive ‘’ Rheobuild 1000’’. 

Table 7.1: 

Property Mix 1 (w/c=0.8) Mix 2 (w/c=0.6) Mix 3 (w/c=0.8) 

Density (ton/m3) 1,6 (± 0,05) 1,75 (± 0,05) 1.8(± 0,05) 

Filteration stability 

(ml) 

≥300 ≥ 100 ≥ 100 

bcritical (μm) <120 <130 - 

bmin (μm) < 70 < 80 - 

Shear strength (4 

hours), KPa 

≥ 1 ≥ 5 ≥ 5 

Shear strength (12 

hours), KPa 

≥ 50  ≥ 150 ≥ 150 
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7.2 Evaluation of two fans in City banan project: 
 

Fan in KM 31-518 E: 

According to figure 7-1, in this fan totally 31 boreholes for the pre-grouting stage were drilled, 

then four extra boreholes were drilled again after the need for additional holes. The borehole 

length for all the boreholes was 21 meter with diameter of 54mm. 

 

Figure7-1: Boreholes map of grouting fan at km 31-518 
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Fan placed in km 31-488E: 

This fan is for the service tunnel. According to figure7-2, 26 boreholes without need of 

additional holes were drilled and grouted with the borehole length of 21 meters and borehole 

diameter of 54 mm. 

 

Figure 7-2: Borehole map in km 31-488 

 

7.3 Grout procedure monitoring: 

  
Results from four critical cases from each fan are discussed in this section. It is assumed that 

the borehole filling is included in the borehole graphs. 

Hole filling: 

The volume of borehole is calculated: 

D: Diameter of borehole (𝑚) 

A: area of the borehole (𝑚2) 

V: volume of the borehole (𝑚3) 

                                                         𝐴 =
𝜋𝑑2

4
=

𝜋(0.054)2

4
= 0.00229 𝑚2  

𝑉 = 𝐴 ∗ 𝐿 = 0.00229 ∗ 21 = 0.048 𝑚3 = 48 𝑙𝑖𝑡𝑡𝑒𝑟𝑠 
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7.3.2 Borehole G2 in km 31-518: 

As shown in figure 7-3, by utilizing computerized tool during injection in the borehole G2 the 

relation between pressure and grout flow versus time was registered. According to section 7.3.1 

up to 4 minutes can be considered as hole filling stage. After 15 minutes the flow reached zero 

and the pressure became constant, which means that the fracture was full and the grout cannot 

spread more so the grouting process must be stopped before reaching the stop criterion. During 

grouting process pressure is changing depends on the operator of the injection equipment and 

the injection apparatus itself. 

 

Figure 7-3: Borehole G2 (km 31-518) 

7.3.2 Borehole G10 in km 31-518: 

In this borehole, a hole filling time was considered up to the time of 3 minutes. The procedure 

of grouting was quite normal up to 15 minutes i.e. by increasing the pressure the flow was 

decreased or being constant. 

 

Figure 7-4: Borehole G10 in km 31-518 1 
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7.3.3 Borehole G18 in km 31-518: 

The grouting procedure in this borehole was as expected. After 4 minutes the pressure was 

constant and the grout flow decreased meaning that the fracture was going to be sealed by 

grout, and finally at 15 minutes the grout flow stopped when resistance forces reached driving 

forces. 

 

 

Figure 7-5: Borehole G18 in km 31-518  

 

7.3.4 Borehole G20 in km 31-518: 

In this borehole the grouting procedure was stopped because of reaching to the stop criteria of 

maximum 500 litter grout material and still the grout could flow. That might be caused by 

opened fracture. Therefore the mixture had to be changed and grouting process continues to 

second stop criteria, which is continuing of the grouting process with mixture number 2 up to 

300 litters, and if the second stop criteria cannot be meet then it needs to continue the grouting 

with the third mixture type. 

 

Figure 7-6: Borehole G20 in km 31-518  
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7.3.5 Borehole G18 in km31-488: 

Obviously in this borehole the process is considered as borehole filling up to time 1.6 min 

grouting because at 1.6 min the relation between pressure and flow shows that with quiet low 

pressure the borehole was filled with high flow. The process was normal which with the 

constant pressure the flow is decreasing in time. The procedure was normal and the differences 

in pressure can be the outcome of way of pumping i.e. cylinder pump. 

 

Figure 7-7: Borehole G18 in km 31-488 

7.3.6 Borehole G19 in km31-488: 

The relatively low pressure rate in this borehole shows that the fracture was wide, because the 

grout process with low pressure and high flow rate was done. In this case the grouting 

procedure was stopped with the stop criteria of maximum 500 litters grouting and had to 

continue with second or third mixture type. 

 

Figure 7-8: Borehole G19 in km 31-488 
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7.3.7 Borehole G20 in km31-488: 

The grouting process was normal. The graph shows whenever the pressure was constant, the 

flow was decreasing. After about 20 minutes there is sudden drop of pressure and a sudden 

increase of flow this can be a result of hydro fracturing but this behavior could be also a result 

of leakage in the system, it is difficult to know this if you are not at the place or have a good 

grouting record. After this point the flow was increasing. Like the previous hole the grout intake 

reached to maximum volume of grout and grouting process went to second stage. 

 

Figure 7-9: Borehole G20 in km 31-488 

7.3.8 Borehole G22 in km31-488: 

Here mostly the pressure was quit low with high flow and what can be concluded here is, the 

fracture was open and thus it allowed high grout take during grout process. The time for hole 

filling was approximately 2 minutes when pressure jump to 5 bar. After the time of app. 13 

minutes the grouting pressure and flow dropped for some reason which for explanation of this 

behavior the information is not enough. At the end grout did not meet the first stop criteria and 

exceeded maximum grout intake so the next stage for continuing the process was needed. 

 

Figure7-10: Borehole G22 in km 31-488  
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8. Results and discussion 

 

8.1 Checking the capability of grout to minimize the risk of hydro jacking 

with the help of traditional GIN method: 
In this part the grout process has been checked by the definition of the GIN method, for 

selecting the GIN curve according to Lombardi 2003, and equation (4.3). In order to calculate 

the needed volume of grout, To penetrate 10 m: 

𝑉 = 𝜋. 𝐼2. 𝑏 = 𝜋 × 102 × 152 × 10−6=0. 047 𝑚3 ≅ 45 litter 

Based on the overburden and to avoid jacking in the tunnel the maximum final pressure was 

approximately 23 bar. 

Finally the GIN value can be chosen by with the help of equation (4.4): 

𝐺𝐼𝑁 = 𝑃. 𝑉 = 45 × 23 ≈ 1000 

The maximum pressure and maximum volume according to figure 4-4 is 23 bar and 150 liters 

per meter borehole.  

For each borehole the results are presented in figure 8-1. 

8.2 discussion of stopping criteria for Grouting according to the GIN curve. 
The stop point of grouting is the meeting point between the P-V diagram of each borehole and 

the GIN curve, it determines the amount of grout when the grouting process should stop to 

avoid the risk of hydro-jacking. 

In this section P-V curve for each borehole (figure 7-3 - figure 7-10) will be shown and it will 

be observed if they cross the GIN curve. If the monitoring graphs shows in these points hydro- 

jacking was exited, it means the GIN method was correct otherwise assumptions that was made 

for determination of the GIN curve were not correct and we have to change them and repeat 

the analysis. 

According to figure 8-1 the stopping volume for borehole G10, G2, G18 and G20 in (km 31-

518) is 67 litters, 71 litters, (P-V curve of borehole G18 did not reach the GIN curve) and 80 

litters respectively, and in the second fan (km 31-488) the stopping volume for borehole G18, 

G20, G19 and G22 is 52 litters, 65 litters, 144 litters and 108 litters. 

By observing the stopping volume that we got from figure 8-1 with the analyzing of the graphs, 

it is possible to see the time at possible hydro-jacking could have happened. The risk of hydro-

jacking in the first fan (km 31-518) for borehole G10, G2, G18, G20 is at 9.8 minutes, 14 

minutes, No risk (It did not reach the GIN curve), 7 minutes respectively. And in the second 

fan (km 31-488) for borehole G18, G20, G19 and G22 is at 8 minutes, 6 minutes, 9 minutes 

and 8 minutes respectively.   
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From the monitoring graphs (fig 7-3 till fig 7-10), it is possible to see if hydro-jacking has 

happened by comparing the flow versus time and pressure versus time diagrams, when the flow 

is increasing and at the same time the pressure is decreasing, it means because of the pressure 

the fracture became open and suddenly larger grout volume in time is injected into the open 

fracture. 

In these cases by observing to monitoring graphs, in the first fan (km 31-518) for boreholes 

G10, G2, G18, G20 there was no risk for hydro jacking, which means the assumptions for 

determining GIN curve were wrong. 

After comparing the stopped volumes from GIN curve and monitoring graphs in second fan 

(km 31-488) except borehole G20  there was no risk of hydro-jacking, in borehole G20 the risk 

could have happen after about 200 liters grouting but in this GIN curve the stop point was 

around 65 liters which is so far from the reality. We can take this conclusion that the 

assumptions were wrong. 

The assumptions which can have effect on the results are the penetration value and the aperture 

of the fracture.  

𝐺𝐼𝑁 𝑣𝑎𝑙𝑢𝑒 ∝ 𝐼, 𝑏  
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Figure 8-1: GIN limiting curve 
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8.3 Evaluating the risk of hydro jacking based on the traditional GIN 

method with new assumptions: 

8.3.1 Checking the risk of hydro jacking in the rock above the borehole with the new 

value of assumed penetration length. 

 

In this part the grout process has been checked by the definition of the GIN method, for 

selecting the GIN curve according to Lombardi 2003, and equation (4.3) in order to calculate 

the needed volume of grout with the new penetration length of 20 m, we have: 

𝑉 = 𝜋. 𝐼2. 𝑏 = 𝜋 × 202 × 152 × 10−6=0. 19 𝑚3 ≅ 190 litter 

According to the overburden on the tunnel the final pressure was approximately 23 bar. 

Finally the GIN value can be chosen by with the help of equation (4.4): 

𝐺𝐼𝑁 = 𝑃. 𝑉 = 190 × 23 ≈ 4000 

The maximum pressure and maximum volume according to figure 4-4 (4000 > 2500) is 50 

bar and 300 liters per meter borehole respectively.  

For each borehole the results are presented in figure 8-2. 

 

This GIN curve (fig 8-2) shows more reasonable results, in the second fan (km 31-488) for 

borehole G20 the stopping volume is 215 litters, which according to monitored graph (figure 

7-9) after about 19 minutes the hydro jacking happened. Observing the figure 7-9 shows after 

19 minutes there was a sudden decreasing in the pressure and at the same time it had increase 

in the amount of grouting volume this is base for conclusion that at this time there was a 

possibility of hydro jacking. 

In the other boreholes there was no risk of hydro-jacking but in some points the grouting 

amount in borehole reached the maximum volume in GIN curve that is not the case of study in 

this thesis. 
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Figure 8-2: GIN limiting curve 
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8.3.2 Checking the risk of hydro jacking in the rock above the borehole with the new 

value of assumed aperture size. 

 

In this part the grouting process has been checked by the GIN method. For selecting the GIN 

curve according to equation (4.3) in order to calculate the needed volume of grout with the 

larger aperture size (b=190𝜇𝑚), we have: 

𝑉 = 𝜋. 𝐼2. 𝑏 = 𝜋 × 102 × 190 × 10−6=0. 059 𝑚3 ≅ 60 litter 

According to the overburden on the tunnel the final pressure was approximately 23 bar. 

Finally the GIN value can be chosen by with the help of equation (4.4): 

𝐺𝐼𝑁 = 𝑃. 𝑉 = 60 × 23 ≈ 1500 

The maximum pressure and maximum volume according to figure 4-4 is 30 bar and 200 

litters/m respectively. 

For each borehole the results are presented in figure8-3. 

 

In the first fan P-V diagrams of boreholes G10, G2, G20 met the GIN curve but by comparing 

these stopping point with actual monitored graphs, it was concluded that at these points there 

was no risk of hydro jacking in actual project the same thing was happened in the fan number 

two. 

From these calculations we can conclude that the most accurate GIN number is 4000. These 

calculations showed that in the GIN method because of lack knowledge about the rock situation 

or aperture size, there is so much uncertainly. 
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Figure 8-3: GIN limiting curve  
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8.4 Determination of the risk of hydro jacking in rock above the borehole 

results according to developed GIN method: 
According to equations (4.26) and (4.27) first the normalized pressure and normalized volume 

were calculated. By using the values from normalized pressure and normalized volume the 

normalized spread of grout and then the grout spreading in different time step were calculated 

and according to equation (4.30) the critical line is illustrated, also the relation between 

normalized pressure and normalized grout spread is showed in figure 8-4 up to 8-11 for the 8 

discussed boreholes in two fans. 

Calculations for determination of the risk of hydro jacking: 

For considering the risk of hydraulic uplift, the average grout spreading in each hole (I) needs 

to be calculated  

Example: 

Spreading angle (𝛼) based on table 6-1 in section 6 is equal to 0.8. 

Hole (G2): V=156 liter, P=20 bar=2 MPa 

From equation (4.9): 

𝐾 =
𝛼

2𝜋
=

0.8

2𝜋
= 0.127 

According to  equation (4.26),normalized pressure is : 

𝑃𝑛 =
𝑃 × 𝐾

3 × 𝜌 × 𝑔 × ℎ
=

𝑃 × 0.127

3 × 2700 × 9.8 × 7
= 2.28 × 10−7𝑃 = 0.45 

With the help of equation (4.27) the normalized volume is calculated as: 

𝑉𝑛 =
𝑉

ℎ2 × 𝜋 × 𝐾 × 𝑁
=

𝑉

72 × 𝜋 × 0.127 × 4
=

156

78.2
= 2 

Finally normalized grout spread is defined by equation (4.29): 

𝐼𝑛 =
𝐼

ℎ
= √

𝑉𝑛

𝑏
= √

2

0.152
 = 3.62 

The grout spreading with use of equation (4.29): 

𝐼 = 𝐼𝑛 × ℎ = 3.62 × 7 = 25.39 𝑚 

For determination of risk for uplift equation (4.30) is used: 
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𝑃𝑛 < 1 +
1

𝐼𝑛
+

1

3. 𝐼𝑛
2 = 1 +

1

3.62
+

1

3 × 3.622
= 1.35 

0.45 < 1.35 → 𝑁𝑜 𝑟𝑖𝑠𝑘 𝑓𝑜𝑟 𝑢𝑝𝑙𝑖𝑓𝑡 

Explanation of the relation between normalized pressure (Pn) and normalized grout spreading 

(In) means the area above the line shows that uplift occurred 𝑃𝑛 > 1 +
1

𝐼𝑛
+

1

3.𝐼𝑛
2  and the area 

below the critical line shows that there was no risk for hydraulic uplift or 𝑃𝑛 < 1 +
1

𝐼𝑛
+

1

3.𝐼𝑛
2  

This procedure must be done at different times to get the critical line according to equation 

(4.30) and then compare it with normalized pressure versus normalized volume. The area above 

the critical line shows uplift while the one below the critical line represents no uplift risk. 

In the borehole G20 in km 31-488 the risk for hydro jacking was not observed. According to 

pressure and flow measurements which presented in section 7.3.7 hydro jacking occurred, 

which means the calculations based on developed GIN method is not so accurate but it gives 

better results than the GIN method. 
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8.4.1 Borehole G2 in km31-518: 

 

 

Figure 8-4 

8.4.2 Borehole G10 in km 31-518: 

 

 

Figure 8-5  

8.4.3  Borehole G18 in km-31-518: 

 

 

Figure 8-6 
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8.4.4 Borehole G20 in km 31-518: 

 

 

Figure 8.7 

8.4.5 Borehole G18 in km 31-488: 

 

 

Figure 8.8 

8.4.6 Borehole G19 in km 31-488: 

 

Figure 8-9  
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8.4.7 Borehole G20 in km 31-488: 

 

 

Figure 8-10 

8.4.8 Borehole G22 in km 31-488: 

 

Figure 8.11 

 

By comparing the results from the GIN method with City banan stop criteria (section 5-2), it 

can be understood that the results from GIN method cannot be as accurate as the experienced 

method because the GIN method is not useful when there is not enough information about the 

geology of rock. However, it should be considered that in a real project for applying the GIN 

method according to [1] only one type of grout material should be used for the whole procedure 

and maybe different GIN values and volume limits can be obtained and chosen from the 

experience from previous projects or changing the limitations by testing the results in the first 

stages of the project which could not be taken into account in this study.  

The differences that can be considered between these methods are when using the GIN method 
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less shrinkage during setting and also greater bond along the rock fissure walls and less risk of 

reopening, having higher mechanical density thus greater resistance to physical erosion, having 

lower permeability and also greater durability along the life time of the tunnel. 

The spreading lengths which was approximately calculated were quit high; that is reasonable 

because the penetration length depends on many factors that cannot be considered in this 

method, for instance the variation of the fracture apertures could not be part of the calculations 

and just a mean value was taken as base for the calculations.  

9. Limitations: 
The GIN method mainly focused on avoiding the hydraulic uplift, but during designing some 

problems occurred in using the GIN method in the tunnel grouting. For instance there is no 

possibility of physical observation of uplift to be compared with measured P/Q-time. There 

was too much approximation that can lead to the risk of failure if using this method in real 

grouting procedure. 

The limitations of GIN method that can be mentioned are: lack of knowledge on the exact 

spreading length, the calculations for the hydraulic aperture are complex and approximate, and 

the choice of the GIN value cannot be guaranteed because of lack of predicted grout spread, 

although with the help of the normalized pressure and normalized volume the grout spread 

length can be nearly estimated but still for taking the grout spread it is necessary to assume the 

factor 𝛼 from the rock mass classification and also the aperture size  or using the K factor that 

was not discussed in this thesis. The problems that we encountered in this study were the lack 

of information about the variation of the fractures that can effect on the movement of the grout 

in the fracture so the spreading lengths that were achieved in the results were quit high compare 

to required thickness of the grout around the tunnel (4-10m).  
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10. Conclusion: 
After evaluating the GIN curves and compare the results with the measured data from the 

project, it can be concluded that the GIN method is better than the observational method in the 

matter of saving time and cost but it cannot assure sufficient sealing effect, thus additional tests 

are needed to take the better GIN number for the project. One of the tests which can be helpful 

is water pressure test. For example in this study, as it was mentioned for some of the holes 

according to GIN principle, the grout process had to be stopped much sooner than the time 

which it was spent in the real project. However in using this method for getting accurate results 

additional tests are needed.  

After performing the tests and finding out which GIN value is suitable for achieving the 

necessity of the project, we can continue the rest of the project with that GIN number. The 

conclusion that can be made from this thesis is that the GIN method can be a helpful method if 

the data from pre-investigations are enough and also adequate tests can be done after the 

execution of the grouting process, but as a matter of fact it cannot be well recommended for 

designing the grouting process in the tunnel, because of its limitations and the assumptions 

made.  

For the risk of hydro jacking with the help of developed GIN method , the conclusion which 

can be made is this method is more reliable than GIN method but yet there is the need for more 

tests and information to get the accurate results. 

Another alternative that was recently published by Håkan Stille is real time grouting method 

which is capable of prediction of the grout spread; however more studies are needed to make 

real time grouting usable in real tunnel grouting projects. 
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