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ABSTRACT  

By using intensity concepts grouting results are readily comparable. They can be used to compare and evaluate fans 

within a project, as well as in comparisons between grouting results in different projects. In this thesis, three 

concepts are proposed for evaluations of grouting results. The parameter Hole Intensity can be used to study how 

well the execution corresponds to the design of a grouting concept and to estimate an optimal grouting scenario 

within a defined setting. Material Intensity describes the fraction of porous space around a tunnel that has been filled 

with grout and Time Intensity provides one aspect of temporal efficiency in grouting procedures. 

 Four cases of grouting in hard rock have been studied in this report, where one is located in the North Link 

and three in the Stockholm City Line. The first is a road tunnel and the latter is a railway tunnel. Both projects are 

located in the Stockholm area and are excavated using drilling and blasting with continuous pre-grouting. The 

intensity concepts reflect the four cases well, and point out their individual characteristics, problematic factors and 

strong points. 

 This report shows that intensities reflect projects well and can be used as comparative parameters. 

Furthermore, Hole Intensity may, if developed further, prove useful as an aid in active design and a tool for 

predicting costs. 

 

KEY WORDS: Grouting, Hole Intensity, Stockholm City Line, North Link, Fracture aperture, Grout penetration. 
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SAMMANFATTNING  

Injektering utgör en både tidskrävande och kostsam del av tunneldriften, särskilt i områden där endast små mängder 

inläckande vatten tillåts. Ett optimerat injekteringsförfarande är därmed av stor vikt för tunneldrivningen. En tunnel 

bör injekteras tillräckligt så att ställda krav innehålls samtidigt som tidsåtgången och kostnaderna minimeras. 

Kunskapen inom injektering har ökat betydligt under det senaste decenniet och vetenskapligt grundade generella 

koncept för injektering i stora projekt utvecklas. Däremot är berg ett heterogent medium och variationerna längs 

med en tunnelsträckning är ofta stora, vilket ställer krav på aktiv design och anpassning av injekteringskoncept under 

produktionsskedet. Därtill infinner sig svårigheten att koppla injekteringsresultat till utförande, förutsättning eller 

syfte. En annan svårighet i injekteringsarbeten är att uppskatta kostnader för material- och tidsåtgång. 

Kunskapsåterföringen från ett projekt till ett annat är en viktig del i att lösa denna problematik. Olika projekt skiljer 

sig ofta åt vad gäller såväl förutsättningar som utförande och syfte, vilket försvårar jämförelser. Möjligheten att 

jämföra projekt med varandra trots dessa variationer är en viktig del i denna kunskapsåterföring.  

 I detta examensarbete har tre intensiteter utvecklats och använts med syfte att finna en eller flera direkt 

jämförbara verktyg för utvärdering av injekteringsresultat och koncept, vilket i förlängningen även innefattar att 

förutse och följa upp kostnader och tidsåtgång. Dessa intensiteter, vilka definieras som hål-, bruks- och tidsintensitet 

enligt nedan, innefattar element från de tre faktorerna utförande, resultat och förutsättningar. Syftet med detta arbete 

är således att undersöka huruvida injekteringskoncept kan jämföras och utvärderas på ett användbart sätt med hjälp 

av någon eller några av dessa tre intensiteter. Hålintensitet definieras som kvoten mellan volymen injekteringshål, 

Vhål, och volymen porer i bergmassan i den tätade zonen kring tunneln, Vporer. Materialintensitet definieras som 

kvoten mellan volymen injekterat bruk, Vbruk, och volymen poren i bergmassan i den tätade zonen kring tunneln. 

Tidsintensitet definieras som kvoten mellan den tid som gått åt till att injektera hål som tagit bruk, tbruk, dvs. utöver 

hålfyllnaden, och den tid som åtgått till att injektera samtliga hål i en skärm, tskärm. 

 Hålintensitet:     
    

      
 

 Materialintensitet:     
     

      
 

 Tidsintensitet:     
     

      
 

 
Volymen porer i den tätade zonen kring tunneln har beräknats med hjälp av porositeten samt den injekterade zonens 

omfång, i enlighet med designen av det gällande injekteringskonceptet. Övriga data har återfåtts från 

injekteringsprotokollen. 

Fyra injekteringsskärmar har studerats och utvärderats med hjälp av intensiteter, varav en ligger i Norra 

Länkens delsträcka NL35 och de övriga tre återfinns i Citybanans delprojekt Norr, Station Odenplan, varav en i 

spårtunneln samt två i servicetunneln. En optimal hålintensitet har kunnat bestämmas för två av dessa fyra skärmar, 

vilken dels kan ligga till grund för jämförelser och dels användas som utgångspunkt vid framtida injekteringsarbeten. 

I idealfallet kan hålintensitet användas för att uppskatta framtida kostnader för ett projekt eller en delsträcka. Detta är 

möjligt i och med att parametern kan användas för att uppskatta antalet nödvändiga hål i en skärm, baserat på 

tidigare erfarenheter och designkrav. Detta examensarbete har därmed påvisat möjligheterna med att använda 

verktyget hålintensitet. En vidareutveckling av konceptet kan komma att innebära en viktig tillgång vid såväl 

planering som utförande av tunnelprojekt. 

Vad gäller materialintensitet bör vissa antaganden justeras för att vidare slutsatser ska kunna dras, men det har 

kunnat konstateras att denna parameter har ett värde som utgångspunkt vid jämförelser, särskilt då porositeten kan 



justeras för att reflektera en viss bergmassas egenskaper. I likhet med hålintensitet kan även materialintensitet komma 

att ha ett värde i beräkningen av kostnader för injektering. 

Tidsintensitet i den form den definieras i detta arbete har däremot konstaterats som direkt olämplig som 

jämförande parameter i och med att den inte tar hänsyn till överdimensionerad injektering. Tvärt emot kan den ge en 

uppfattning om att ett projekt är tidseffektivt när det i själva verket ödslat mycket tid på överdrivet långa pumptider. 

Ingen av parametrarna tar hänsyn till tätningseffekt eller tillräcklig inträngningslängd, vilket därför utvärderats 

separat för de fyra studerade fallen. Det kan konstateras att samtliga fyra fall innehåller de ställda miljökraven, samt 

att tre av dessa därtill innehåller de funktionskrav som ställts. Därutöver kan inträngningslängden i berget antas vara 

tillräcklig för att täta utrymmet mellan injekteringshålen i dessa tre fall, dvs. alla skärmar utom den som undersökts i 

Citybanans spårtunnel. 

I detta arbete har en optimal hålintensitet kunnat beräknas för två skärmar i Citybanans servicetunnel. 

Möjligheten att använda intensiteter som jämförande verktyg har påvisats, samt potentialen för vidareutveckling av 

hål- och materialintensitet med syfte att uppskatta kostnader i samband med injektering av bergtunnlar. 
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Latin letter symbols  Greek letter symbols 

A (m2) Area ∆p (Pa, Bar) Overpressure 

b (m) Aperture µ (Pa*s) Viscosity 

Cc (m3/s) Channel flow conductance µg (Pa*s) Viscosity of grout 

D (m) Diameter µw (Pa*s) Viscosity of water 

g (m2/s) Gravity ε (-) Skin factor 

GIN (-) Grouting Intensity Number ρ (kg/m3) Density 

HI (%) Hole Intensity ρg (kg/m3) Density of grout 

I (m) Penetration ρw (kg/m3) Density of water 

k (m/s) Hydraulic conductivity τ0 (Pa) Yield stress 

Lu (Lu) Lugeon 

   MI (%) Material Intensity 

   n (-) Porosity 

   p (Pa, bar) Pressure 

   Q (m3/s) Flow 

   q (m/s) Specific flow 

   Qc (m3/s) Channel flow 

   qf (m2/s) Specific flow in a fracture 

   Qg (m3/s) Ingress into a grouted tunnel 

   Q0 (m3/s) Ingress into an ungrouted tunnel 

   r (m) Radius 

   R (m) Theoretical reach 

   r (m) Radius 

   rt (m) Tunnel radius 

   RTGC (-) Real Time Grouting Control 

   STA (-) Swedish Transport Administration 

   T (m2/s) Transmissivity 

   t (m) Width of the sealed zone 

   Tf (m2/s) Fracture transmissivity 

   TI (%) Time Intensity 

   w (m) Fracture channel width 
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1  INTRODUCTION  

Grouting is an essential part of tunnel excavation in hard rock, especially in areas where requirements in terms of 

permissible ingress are tough. Furthermore, grouting is a costly and time consuming part of tunneling projects. An 

optimization of the grouting process has a positive impact on the pace of excavation as well as on the overall cost of 

a project. The possibility to compare and assess grouting works within as well as between projects provides an 

essential contribution to the development within the field of grouting. Recent research has focused on the 

optimization of grouting works. The development of Real Time Grouting Control (RTGC), which aims to accurately 

assess the sufficient grouting time in-situ constituted one example (Kobayashi, et al. 2008). By calculating the grout 

penetration into the surrounding rock mass in real time, grouting can be stopped once a satisfactory length has been 

reached. Thus, the risk of over-flow is limited while time is optimized which implies economic benefits to the 

production. The GIN stop criteria, developed by Lombardi (1993), which constituted a transition from empirical 

knowledge to scientifically steered grouting, has come to be abandoned in favor of RTGC which is more adapted to 

tunneling projects. Thomas Dalmalm (2004) has focused on predicting sealing time as basis for suitable choices 

concerning grouting methods, as a means to predict and develop suitable methods in given circumstances. 

Furthermore, much research has been undertaken concerning the properties of rocks and how they affect grouting. 

Gustafson (2009), amongst others, has studied the benefits of statistical modeling for predicting grout flow in 

fractures and the groutability of rocks. Fransson (2001) has conducted research on the efficiency of hydraulic testing 

methods and how the transmissivity of a rock mass correlates with its groutability.  

Prerequisites and design may differ between and within projects, due to the complex nature of a rock mass 

and possibly differing ambitions or purposes in grouting works. Comparative concepts that take as many of these 

differences into account as possible are thus desirable. Such concepts tend to include parameters such as material per 

meter of bore hole, or time consumed per bore hole or per fan, etc. In the thorough study of the Bothnia Line 

performed by Stille and Gustafson (2010), for example, the grout take is given as liters per meter of bore hole which 

accounts for differing bore hole lengths when comparing with other grouting concepts. However, the geological 

aspects are given separately and so are certain details concerning the grouting fans (Stille and Gustafson 2010). In a 

sense, the results are separated from the prerequisites and procedures. It is thus difficult to draw conclusions as to 

whether the results depend on procedures, geology or design. 

 It stands clear that much knowledge has been gained within the field of grouting during the past decades, 

especially in what concerns tunneling. Using statistical data from field investigations such as core drill holes, 

combined with refined methods for estimating sealing times and required penetrations, general grouting concepts 

can be developed ahead of tunneling projects. To further optimize a concept during the course of a project, tools 

and parameters in active design and monitoring are necessary. Furthermore, such tools are also useful in terms of 

evaluating grouting after the completion of a project coupled with achieved results, in order to conserve the gained 

knowledge and evaluate the design of the original grouting concepts. If such a tool could also be used for estimating 

costs, it would mean a significant asset to a project in terms of planning, execution and monitoring. It would mean 

that a client could make initial estimations and the production can follow up its development as well as plan coming 

costs. The knowledge gained in one project, or a section of a project, can then serve as a tool in planning future 

actions. For such a tool to be beneficial, it is desirable that it incorporates some elements of prerequisites and 

procedures.  
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It is along this line of reasoning that this master’s thesis takes its stand-off, where intensities are defined and 

used as tools to assess grouting results. The objective is thus to evaluate whether grouting concepts can be compared 

and assessed in a useful way by applying the parameters Hole, Material and Time Intensity. Four different cases of 

grouting in hard rock tunnels in the Stockholm region are compared, in which data from the execution and the 

intended design are studied with the aid of theoretical estimations. The studied grouting fans are part of major 

tunneling projects, where one is located in a road tunnel and three are in a railway tunnel, where drilling and blasting 

with continuous pre-grouting is applied. 

This report attempts to use intensities to compare grouting results a) within a project and b) between 

projects. Furthermore, concerning Hole Intensity, it may then be possible to find an optimal intensity for each 

individual case of grouting. It is discussed whether this optimum complies with satisfactory grouting results in terms 

of fan geometry, regarding sufficient penetrations, as well as sealing effect. Based on the comparison, conclusions are 

drawn concerning the use and suitability of the three intensities as well as the grouting results. Recommendations for 

future works will be put forward. The data sampled for this report is taken directly from grouting protocols as they 

provide essential data for evaluations of grouting results. Results of water pressure tests are also used as a means to 

assess the hydrological characteristics of the rock mass in the studied cases.  
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2 LITERATURE SURVEY  

In its report in 1996 the Commission on Rock Grouting, initialized by the International Society for Rock Mechanics 

(ISRM) claimed a desire to “turn grouting from black magic into science” (ISRM 1996). Making the link to the 

ancient Greek and Roman construction, grouting was deemed as a matter of trial and error. The commission 

continues by stating that “although increasingly successful in academic terms it (grouting) is still in its infancy in 

comparison with other engineering sciences”. Bodén et. al. (2001) state goal oriented research within the field of 

grouting began mainly in the 1980’s. Lately there has been a number of significant research projects in Sweden 

studying different aspects of grouting in hard rock. Between 1996 and 2000 a number of experiments and studies 

were performed for research purposes in Äspö Hard Rock Repository. The South Link road tunnels, completed in 

2004 were the first major tunnels constructed as a part of a larger investment in traffic tunnels in the Stockholm area. 

Another part of this investment is the North Link which is still undergoing construction although most of the 

tunnels have been excavated. In these two projects, the first of its kind with high requirements concerning sealing 

effect in the Stockholm area, knowledge has been gathered through reports, degree projects etc. This literature 

survey aims to briefly sum up core knowledge gained within the field of grouting during the past decades and 

provide the basis upon which this thesis rests. Grouting no longer needs to be a matter of trial and error if these core 

elements become common knowledge to those involved in production. If grouting was in its infancy in 1996, it can 

now be said to have grown to adolescence. The behavior of grout within the rock mass and the properties of 

grouting material have among other aspects been thoroughly researched. Furthermore the development of theories 

that allow for estimations of grout penetration are essential to the study performed and the conclusions drawn 

herewithin. 

2.1 Purpose and requirements of pre-grouting in rock tunnels 

The main purpose of pre-grouting is to reduced permeability and hydraulic conductivity of the rock mass in which a 

tunnel is located. The ingress into the tunnel after blasting is to be limited to a required level, in order to meet certain 

goals pertaining to different types of requirements. Furthermore a successful pre-grouting reduces the need for post-

grouting and chemical supplementary grouting. Another aspect of grouting, which is not studied in this report is its 

effect on the stability of the tunnel. ISRM (1996) presents a flow chart, Figure 2-1, which illustrates the processes 

involved in the grouting design and procedure. It follows that the process of grouting is neither simple nor straight-

forward, and a number of adaptations need to be undertaken from design to execution in order to optimize the 

grouting procedure in an individual case. Furthermore, adaptations generally need to be done throughout a specific 

project as well, as the rock characteristics trend to change over the stretch of the tunnel, and the requirements may 

change as well.  

Roughly, requirements concerning rock tunnels are based on three aspects; environment, function and working 
working conditions (Lindblom et. al. 1999). Depending on the type of project, these requirements will be of different 
importance. In complex projects in densely populated areas, environmental requirements such as eliminating ingress 
to ensure ground water levels, tend to be dimensioning because of the elevated risk of impacts on the surroundings. 
In railway tunnels the functional demands tend to be quite high, and different from those set to fulfill the 
environmental aspects. The reason for this being to protect sensitive parts of the rail and installations, demands are 
normally set on the basis of eliminating dripping. Where an environmental requirement may relate to a certain 
amount of allowed ingress into a tunnel stretch, functional requirements refer to the exact location of the ingress and 
its potential impact on installations. Requirements concerning working conditions are usually the lowest ones and 
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rarely have an impact on the design of grouting (Lindblom et. al. 1999). The requirements concerning grouting 
operations are set in the construction documents produced throughout the construction process. SKB has done a 
number of studies and carried out an extensive literature survey concerning requirements for tunnels. They suggest 
an identification of different parts of the process, in order to get an overview of the work at hand. Briefly these parts 
are as follows in  

Table 2-1 Identification of processes within the grouting procedure coupled with types of requirement . 

 below. 
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Table 2-1 Identification of processes within the grouting procedure coupled with types of requirement (Bodén, et al. 

2001). 

Category Aspect concerned Type of requirement concerned 

Identification of grouting needs 

Type of project/facility Functional 

Area of usage Functional 

Localization Environmental 

Life length Functional 

Required levels of sealing 

Pumping capacity Working conditions, material 

Working conditions Working conditions 

Requirements concerning operation and 

maintenance of the facility 
Functional 

Requirements concerning environmental 

impact/impact on surroundings 
Environmental 

Grouting works 

Pre-or post-grouting, criteria, fan geometry Methodical 

Material Material 

Execution requirements Equipment, material 

Organizational requirements Execution 

Results 

Water ingress Functional 

Impact on ground water levels Environmental 

Operation, maintenance, durability Functional 

Control Functional, environmental 

 

There are three main stake-holders concerned by the requirements in a grouting project. These are the 

Society/Community (via the state, local government, county administrative board or other government body), the 

Client and the Contractor (Lindblom et. al. 1999). The requirements process is illustrated roughly in Figure 2-2 

below, and shows how the different stake-holders and actors are involved in the basic process. The Client, in the 

normal case, relies on consultants to design the tunnel and estimate what requirements that are possible to meet 

within a certain setting. The Client decides what functional requirements need to be met and the environmental court 

stipulates a permissible ingress in order to ensure maintained ground water levels (or a minimum lowering of the 

ground water table depending on the circumstances). The Contractor is responsible for the requirements that need to 

be met in order to ensure a safe workplace; this however can at times instead be stipulated by the Client. Depending 

on the type of contract for a specific project, the relationships between Contractor and Client may change somewhat. 

All water operations however need to be approved by the Environmental Court. 

Figure 2-1 Flow chart for design and execution of grouting (ISRM 1996) 



6 

 

 

Figure 2-2 Actors in the requirements process, adapted from Lindblom et. al. (1999). 

 

2.2 Grouting technique and design 

The basic idea of grouting is that a fan of boreholes is drilled around a tunnel and a cement based slurry, i.e. the 

grout, is injected at a high pressure through these holes. The holes should be spaced so that the grout covers the 

space between the drilled holes so that a sealed zone around the tunnel is achieved. Figure 2-3 illustrates how the 

grouting holes are drilled and how the grout is ideally spread out from these holes. Figure 2-4 illustrates the achieved 

sealed zone achieved by pre-grouting in the theoretical case and in a scenario that is more realistic. The extent of the 

sealed zone around the tunnel is usually set to a width that covers the length of the rock bolts inserted into the 

tunnel walls for stability purposes after excavation. The width of the sealed zone may also be governed by the ingress 

requirements, as it is taken into account in common calculations of ingress. How long the grout needs to penetrate 

into the rock differs depending on the approach adopted by the designer of a concept. The designer can stipulate 

that it should for example cover the distance between the tips of the boreholes at the end of a fan so that in an ideal 

case there is an overlap of grout from adjacent holes. Another approach is that the penetration should cover the 

distance between the starting point of one borehole to the tip of the adjacent one. The latter is a safer approach, as 

illustrated by Figure 2-5 below. 

 In order to achieve the desired outcome of grouting, the present rock characteristics need to be taken into 

account as well as the choice of pumping pressure and material. Statistical studies in preparatory works can be 

undertaken in order to determine the rock characteristics such as the hydraulic conductivity and porosity. Based on 

these studies and possible environmental and functional requirements a grouting concept is brought forward.  

 Eriksson and Stille (2005) state that in general previous experiences of grouting govern the design of a 

grouting concept, but there are analytical and numerical methods that can be applied depending on the difficulty of a 

project. The lower the conductivity and the higher the sealing effect that needs to be achieved, the higher degree of 

difficulty there is in a grouting operation. Sealing effect is a measure of the grouting result, where the difference 

between the conductivity or ingress before and after grouting is divided by the conductivity or ingress before  
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Figure 2-3 Pre-grouting in a tunnel (STA 2010). 

 

 

 

grouting. The sealing effect is usually given as a percentage.  Eriksson and Stille divide grouting operations into three 

different degrees of difficulty, presented in Table 2-2 below, where each degree is coupled with requisite methods of 

analysis. Degree 1 is considered easy, 2 is medium difficulty and 3 is difficult. If a grouting operation is considered 

easy then simple empirical methods can be safely used, but degrees 2 and 3 require analyses of the characteristics of 

the fractures and assessments of the pumping pressure and material that is to be used so that they comply with the 

rock characteristics. In addition, for difficult projects, numerical and analytical methods are required to determine a 

suitable material and procedure, in combination with empirical knowledge (Eriksson and Stille 2005). 

a)  b)  

Figure 2-4 The sealed zone around a tunnel achieved through pre-grouting in a) the intended case and b) the 
presumed realistic case (Eriksson and Stille 2005). 

 

Figure 2-5 Different approaches that can be applied when decided how far the grout needs to penetrate into the rock 
(Bruno 2009). 
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Table 2-2 Three degrees of difficulty in grouting operations depending on sealing effect and conductivity (Eriksson 
and Stille 2005). 

  Required sealing effect [%] 

  <90 90-99 >99 

Required conductivity 

after grouting [m/s] 

>10-7 1 1 2 

10-7-10-8 1 2 3 

<10-8 2 3 3 

 

The equipment, material and procedure 

Grout is injected into previously drilled holes from a grouting jumbo, called the Main Grouting Unit (MGU). From 

the MGU, the operator can observe the changes in pressure, flow and volume as grout is pumped from the mixer in 

the jumbo through the tubes into the grouting hole. The grouting holes are sealed with a packer into which the tubes 

are inserted. The operator needs to observe the grouting so that the packers are properly inserted into the boreholes 

so that no grout leaks. If leakage occurs from the packers, grouting is stopped and the packers are adjusted before 

grouting is continued. It is possible to plug predefined criteria into the MGU, so that it shuts off manually when 

these are reached. These criteria, called stop criteria, are described more thoroughly below and may involve a 

maximum volume or minimum flow. The pumping pressure has been decided beforehand based on the rock 

characteristics and is plugged into the MGU.  

 The choice of pumping pressure can be selected based on different criteria. It may be desirable to use a 

high pumping pressure to enable a high grout take, but with this comes a risk of hydraulic jacking, or heaving, of the 

rock, which is discussed below. The view on whether a high pumping pressure is beneficial within a certain setting is 

determined by the designer of the concept. Lombardi writes (2003), concerning the pumping pressure, that “the 

maximum pressure must in some way be related to the water pressure to be expected at that spot during the future 

life of the structure. A ratio of 2 to 3 in respect of this water pressure appears reasonable”. 

Concerning the choice of material, a cement based grout is usually used in pre-grouting, combined with one 

or several additives in order to produce a material that fits the setting. Cement based grouts are Bingham fluids, or 

Bingham plastics. Other common such fluids are for example toothpaste and mustard that do not flow unless a force 

is exerted upon them. Bingham fluids differ from Newtonian fluids such as water in that they have an internal yield 

stress, τ0  (Kobayashi, et al. 2008). This yield stress means that, contrary to a Newtonian fluid such as water, an initial 

pressure or force needs to be applied in order for the Bingham fluid to start flowing, e.g. into a grouting hole. As 

illustrated in Figure 2-6 below, if a grout is to penetrate a borehole it needs to be accelerated by a pressure from the 

grout jumbo, pg in order to counteract the opposing groundwater pressure, pw. The yield stress, τ0, will also act in the 

opposite direction of the desired penetration and needs to be overcome using an initial pressure in order to achieve a 

certain penetration I. The variable µg is the viscosity of the grout. 
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Figure 2-6 Penetration of a Bingham fluid into a planar parallel fracture with aperture b (Kobayashi, et al. 2008) 

 

 Important aspects of the chosen material concern the penetrability, the rheology, the separation or 

shrinkage as well as the hardening of the material. As illustrated in Figure 2-6 above, the yield stress and viscosity are 

two of these. They affect the penetrability of the grout which is also affected by the sedimentation and grain size 

distribution of the cement particles. The maximum particle size should not exceed one third of the fracture aperture 

for a successful grouting, and neither should it be significantly lower (Axelsson et. al. 2008). Yield and compressive 

strength and stability, price, gel time, durability and potential toxicity are other important parameters to consider in 

the choice of a suitable material. It may for example be suitable to choose cement that resists sulfur, which can be 

present in rock as well as ground water.  

INTE- The Finnish Tunneling Association (2003) writes that the cement type can be chosen based on 

inflow limits. Roughly, cement types can be divided into three categories, Ultra-fine cement (UFC), Micro-fine 

cement (MFC) and Ordinary Portland (or construction) cement (OPC). If an ingress of less than 5 l/min and 100 m 

of tunnel is required than an UFC should be chosen. MFC’s may be suitable if the ingress is within the range of 5 to 

10 l/min and 100 m of tunnel. If the ingress requirements exceed 10 l/min and 100 m of tunnel than an OPC can be 

used. Furthermore, ordinary cement should not be used if the required hydraulic conductivity after grouting is lower 

than 310
-7 (INTE - The Finnish Tunneling Association 2003). Figure 2-7 below illustrates how the three categories of 

cement types relate to grain sizes. Even if cement grains are small enough to theoretically penetrate a fracture, the 

grains can at times flocculate and form an arch covering the fracture. This process is referred to as plug-building, 

plugging or filtration (Draganovic and Stille 2011). 

Certain properties of a material may be prioritized for a certain project. Table 2-3 below describes how the 

choice of material (and technique) can depend on the apertures in the rock mass that is to be sealed, where ++ 

indicates a large impact, + indicates a moderate impact and – means that the impact is of lesser importance. Overall, 

a high w/c and a high pumping pressure improve the penetrability of grout into a fracture (Draganovic and Stille 

2011). 

 

Figure 2-7 Grain sizes and how they relate to different types of cement (INTE - The Finnish Tunneling Association 
2003). 
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Table 2-3 Properties of the grout and choice of technique to be prioritized based on aperture range of the fractures 
that are to be sealed (Eriksson and Stille 2005). 

Grout properties in relation to fracture apertures 

Property 
Aperture range 

<0.1 mm 0.1-0.2 mm >0.2 mm 

Material High yield stress - - + 

Low viscosity ++ ++ + 

Good penetrability ++ + - 

Low separation - + ++ 

Technique High pressure ++ + - 

Low minimum flow criterion ++ + - 

High max volume - + ++ 

 
Table 2-4 Common types of additives and some of their effects on the grout (INTE - The Finnish Tunneling 
Association 2003). 

 
Type of additive Effect 

Plasticizers Reduces the water-cement ratio 

Accelerators Prevent grouts from leaking into the tunnel or ground surface 

Retarders Slows hydration 

Expanders Increases the sealing effect of grout 

 
Additives may be used to produce certain effects in given material. The most common additives are plasticizers, 

accelerators, retarders and additives for expansion as well reduction of bleeding and shrinkage. Table 2-4 describes 

what effect some common categories of additives have on the grout. 

The properties of the grout change over the course of the grouting process. Methods are being developed 

to monitor the rheological properties of the material during grouting. For example, Rahman (2010) examines the so-

called UVP-PD method for continuous in-line measurements of the properties of grout during grouting. 

 

Measurement while drilling (MWD) 

The MWD method is commonly used in rock works such as petroleum engineering, mines and tunnels and became a 

commercial success in the 1970’s (Desbrandes and Clayton 1994). In the projects North Link and Stockholm City 

Line, both large-scale tunnel projects in the Stockholm area, for example the technical descriptions stipulate the use 

of MWD as mandatory. An MWD can be used in different ways, commonly to produce a digital mapping based on 

the resistance of the rock mass during drilling, as shown in Figure 2-8. In tunneling, reinforcement classes can be 

determined using MWD data with or without additional manual mapping (ROCKMA 2009). 

Although sometimes referred somewhat derogatory to a geologist’s toy, the MWD provides information 

about the position of fracture zones and other significant deviations in rock mass ahead of blasting. In this way, 

MWD data can contribute to the active design of a grouting concept. If used to its full capacity it is possible to detect 

even smaller water-bearing fractures through the digital geological mapping performed by corresponding software, 

and thus the grouting can be adapted to fit certain prerequisites (Paulsson 2011). This assumes of course that the 

drilled holes intersect the fractures in the rock mass at some point, which may not necessarily be the case. 
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2.3 Flow of water and grout in hard rock 

Groundwater flows in fractures within the rock mass. Igneous crystalline rock is thus characterized by the secondary 

porosity, i.e. the presence of fractures and not the pores within the material as is in soils and many sedimentary 

rocks. The flow of water through porous and fractured media is assumed to be laminar as opposed to turbulent. 

Darcy’s law can thus be used to describe the flow, as there is a linear relationship between specific flow and the 

energy required to propagate it (Gustafson 2009). According to Gustafson, flow can occur in three dimensions, 3D, 

2D and 1D. A 3D flow assumes an “equivalent continuum” with the hydraulic conductivity, which means that all 

aspects are assigned certain effective values, which can then be used to characterize the rock mass in terms of a set 

effective hydraulic conductivity, Ke, in all directions within the rock mass. In this way, the rock is assumed 

homogenous and isotropic, which is a significant simplification and it is thus important that the estimation of Ke is 

done as thoroughly as possible. For calculations of ingress into a tunnel, this continuum assumption is applied 

although it possesses inherent insecurities. It is possible with the use of statistical models to refine this assumption, if 

the rock mass is divided into smaller blocks. For further reading reference is made to Gustafson (2009).  

 If the flow in a rock mass is instead regarded on the level of one fracture instead of a whole rock mass, the 

studied flow is said to be in 2D. The fracture has a finite length and a hydraulic aperture bhyd. The majority of 

fractures within a rock mass exhibit a two dimensional planar structure, but the flow may vary between one and two 

dimensions within a fracture (Kobayashi, et al. 2008). The flow relates to Darcy’s law, where qf is the specific flow in 

a fracture, and can be expressed as presented in Equation 2-1 below (Gustafson 2009). Q is the flow in the rock mass 

and w width of the channel in which the water flows. In this way, the flow depends on the transmissivity T of a rock 

mass, multiplied by the derivative of the hydraulic head, dh, and the length, dl, which can be estimated using hydraulic 

tests such as water pressure tests. It is important to note that even though the majority of fractures exhibit 2D 

structures they rarely appear isolated and the flow occurs in networks of fractures within the rock mass. 

Groundwater flow in 2D:    
 

 
   

  

  
  

  

  
   Equation 2-1 

 

The flow in a rock mass can also occur in channel like structures which are said to be in 1D. These may for 

example occur where joint planes intersect. As a consequence of the variations of aperture within a fracture, water 

can flow in channels within this fracture, which is also regarded as 1D-flow. Figure 2-9 illustrates how a fracture 

 

 
Figure 2-8 Digital mapping of grouting fans in the Stockholm City Line based on MWD data (Paulsson 2011). 
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varies in terms of aperture. The factor Cc is introduced here and is termed the conductance of a fracture. Using the 

conductance the flow can be expressed by Equation 2-2 below (Gustafson 2009). ∆h is the hydraulic head and ∆l is 

the length of the fracture.  

Figure 2-10 below illustrates the three dimensions discussed above. In terms of 1D the figure illustrates 

how intersecting joint planes can form channels in which the water flows. 

 

Figure 2-9 variation of characteristics and aperture along a fracture (Gustafson 2009). 

 

 

a)

 

b)

 

c)  

Figure 2-10 Flow of water in a rock mass in a) 3D, b) 2D and c) 1D (Gustafson 2009) 

 

  

Groundwater flow in 1D:       
  

  
 Equation 2-2 
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Water is a Newtonian fluid and its characteristics are dependent of the shear stress and viscosity. The 

viscosity of water varies with temperature and pressure, but not with the forces acing upon it. Water does not 

counteract a force exerted on it and does flows straightforwardly in fractures with the presence of a hydraulic 

gradient. The hydraulic aperture, bhyd, of a fracture can be calculated using the cubic law as expressed by Equation 2-3 

below and discussed further in relation to hydraulic testing methods below. In Equation 2-3, ρw is the density of 

water, g is the gravity and µw is the viscosity of water. 

Hydraulic aperture       
       
    

 
   

 Equation 2-3 

  

Grout take, spread of material in joints and dimensionality  

Ground water flow in fractures can be simulated using a Discrete Fracture Network (DFN). In such a model, the 

heterogeneity of a rock mass is taken into account, contrary to continuum models. However, numerical models for 

DFN’s are complicated to use for large fracture networks and therefore it is useful to simulate the propagation of 

grout using a Pipe Network (PN) model. Ubertosi et. al. (2007) as well as Fibelius and Lenti (2011) describe how 

PN’s are generated for flow in fractured rock which can be quantified mathematically and incorporated into 

computational programs. By means of these computational models prognoses can be made ahead of commencing a 

tunnel project.  “A new method for generating a pipe network to handle channeled flow in fractured rock” by 

Ubertosi et. al (2007) and “The propagation of grout in pipe networks” by Fibelius and Lenti (2011) are 

recommended for further reading. 

Analytical methods can also be used to determine grout spread, or specifically grout penetration, in 

fractures that do neither require specific software nor many time consuming calculations. These methods concern 

both grout penetrations based on relative grouting time as well as based on geometrical estimations based on the 

fracture characteristics. Equation 2-1 gives the maximum penetration of a grout with yield stress τ0, into a fracture of 

hydraulic aperture b, under a constant pumping over-pressure ∆p (Eriksson and Stille 2005).  Equation 2-1 gives the 

hypothetical maximum length that the grout can penetrate if pumped during an infinitely long time. Using a relative 

grout penetration Id, a more realistic length I can be determined. To retrieve a relative grout penetration, a relative 

time must first be estimated. Eriksson and Stille (2005) define Id and td and how they are used and Kobayashi et. al. 

(2008) have shown how it can be applied by using relative grout penetrations in the Äspö HRL, for further reading 

reference is thus made to these two sources. 

 If the grout take in a hole is known, geometrical estimations can be used to determine the penetration 

length. For flow through fractures in 1D, i.e. channel flow as described concerning groundwater above, Equation 2-4 

applies, where I is the penetration, w is the width of the fracture and b is the aperture of the fracture. For 2D flow, 

that is flow in a circular plane in which the radius corresponds to the penetration outwards from the grouting hole, 

Equation 2-5 applies. Figure 2-11 illustrates grout flow in 1D and 2D. 

Volume, 1D, one fracture:         Equation 2-4 

Volume, 2D, one fracture:          Equation 2-5 
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a)  
b)  

Figure 2-11 Grout flow in a) 1D and b)2D (Rafi 2010) 

 

2.4 Water ingress into tunnels and sealing effect 

A tunnel located below the ground water table induces ingress of water into the tunnel during excavation which is 

ideally counteracted by grouting. Discrete and continuous analyses can be applied for calculation of ingress into a 

tunnel (Eriksson and Stille 2005). Discrete models are based on statistical evaluations of fracture characteristics 

within a rock mass and require numerical methods to achieve good estimations of the ingress into a tunnel. 

Continuous models require less complex calculations and assume that the rock mass along a tunnel stretch represents 

a continuum, i.e. that the characteristics of the rock mass at one point is the same at any other point within the 

designated stretch. The ingress is then given by Equation 2-6, where k is the hydraulic conductivity before grouting 

and kg is the conductivity after grouting. L is the length of the continuous medium (i.e. the stretch of the tunnel that 

is assumed homogenous), H is the hydraulic head and G is the geometry factor, which differs according to Equations 

2-7 and 2-8 depending on whether the tunnel is grouted or not. D is the diameter of the tunnel, t is the width of the 

sealed zone and ε is the skin factor (Palmström and Stille 2010). The skin factor varies between 2 and 5 and is set on 

an empirical basis. 

Ingres into a tunnel:    
         

 
 Equation 2-6 

 

Geometry factor for ungrouted 
tunnels:     

  

 
   Equation 2-7 

 

Geometry factor for grouted 
tunnels: 

    
  

 
  

 

      
      

    

 
    Equation 2-8 

 

Based on estimated ingresses before and after grouting it is possible to calculate the sealing effect which is a relative 

measure of the effect of grouting. Absolute measurements such as conductivity comparisons before and after 

grouting may also provide an insight into the success rate of grouting. It is much more difficult to seal a rock mass 

with a low initial conductivity and thus the sealing effect in such a scenario becomes quite low, although the results 

may still be the desired. Absolute and relative comparisons may thus serve different and complementary purposes 

(Eriksson and Stille 2005). Sealing effect is given by Equation 2-9, where Q0 is the ingress prior to grouting and Qg is 

the ingress into the grouted tunnel. 

Sealing effect (%)                 
     

  
     Equation 2-9 
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2.5 Hydraulic testing methods 

Hydraulic testing methods can provide important information concerning the prerequisites for grouting. They may 

give an indication of geometry of the fractures, and provide an estimation of the hydraulic properties of the rock. 

Studies at Äspö Hard rock laboratory have shown that transmissivity is of great interest from a grouting point of 

view, as it has been found to correlate well with grout take (Bodén, et al. 2001). In studies of grouting in the Bothnia 

Line  in northern Sweden, the statistical relationship between the result of water pressure tests and grout take was 

not very clear for individual holes, but an overall relationship between the highest measured Lugeon value and the 

grout take in a fan could be justified statistically (Stille and Gustafson 2010).  

There are several ways to test the hydraulic properties of a rock mass. The most common methods are 

pressure-build up tests, water pressure tests and measurements of ingress into boreholes (Eriksson and Stille 2005). 

The ingress of water into a tunnel is in many cases monitored through measurements taken in measuring dams that 

are distributed throughout the tunnel length. The data collected from measuring dams may however prove to be 

unreliable as process water from the tunnel will also be added to the ground water ingress and is not always 

subtracted properly. Measuring dams do however give an indication to the authorities of whether the stipulated 

sealing requirements are being met or not. For more exact measures water pressure test, or Lugeon test, are 

commonly used, for example to estimate whether grouting has been satisfactory or not by testing inspection holes in 

a fan after grouting. The primary aim of the water pressure test is to find a Lugeon value that represents the rock 

mass at hand. The unit Lugeon is defined as the flow in liters per minute per bore hole meter at a steady 

overpressure of 1 MPa. Once the Lugeon value has been determined, the hydraulic conductivity is easily estimated. 

Using the hydraulic conductivity, the transmissivity of the rock mass can be estimated which in turn yields the 

aperture value by applying the so called cubic law. Equations 2-10 to 2-12 below describe how these values are 

calculated, where Q is the flow in l/min, L is the hole length (or the stage over which the test is performed) and  p is 

the overpressure used in bar (Houlsby 1990). 

The hydraulic conductivity can be estimated using either of the two following equations. In the general case, K is 

given by the flow Q in m3/s, the pumping overpressure    in MPa, the length of the borehole L in meters and the 

diameter of the borehole d in meters. If a Lugeon value has been calculated, Equation 2-12 is readily applicable, 

where the Lugeon value is simply multiplied by a factor of 1.6 x 10-7 which yields the hydraulic conductivity (Eriksson 

and Stille 2005). 

Hydraulic conductivity, general case:   
 

     
      

 

 
   Equation 2-11 

Hydraulic conductivity using Lugeon values:               Equation 2-12 

 

The transmissivity T can be calculated using either equation 2-13 or 2-14. In the first equation, the transmissivity is 

simply expressed as the product of the conductivity and the length of the bore hole, or in the general case the stretch 

over which the conductivity is measured. In the second equation the flow Q, the radius of the well rw and the 

pumping pressure     is also taken into account. Equation 2-14 gives a more accurate estimation when assessing the 

capacity of a well for example (Gustafson 2009). In a tunnel, or specifically in a grouting fan Eriksson and Stille 

Lugeon value:     
 

 
   

  

  
   Equation 2-10 
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(2005) recommend that the test is performed over the full length of the bore hole, and that the transmissivity can be 

satisfactorily calculated using Equation 2-13. 

Transmissivity       Equation 2-13 

Transmissivity 
  

     
  
  
 

      
 Equation 2-14 

 

Using the transmissivity T, the hydraulic aperture can be calculated as follows in Equation 2-15, where µw is the 

viscosity of water (set to 0.0013 Pas), ρw is the density of water (set to 998 kg/m3) and g is the gravity. Equation 2-15 

is known as the cubic law. 

Hydraulic aperture       
       
    

 
   

 Equation 2-15 

The hydraulic aperture retrieved from the cubic law may also be expressed as Σb, as it represents the sum of all 

fractures present in the studied rock mass and simplifies them into one larger fracture. The aperture is thus based on 

the assumption that all flow goes through one fracture, which is not true for the normal case. For a better 

approximation, the calculated bhyd (or Σb) is adjusted by a factor of 0.7, indicating that only 70 % percent of the grout 

flows through the calculated joint with aperture b. This may still lead to an exaggerated value but research has shown 

that 70 to 80 % is a realistic assumption (Rafi 2011).  

 Lugeon values below 1 are, from an international point of view, very low and are present only when the 

rock mass is very tight. In fact, Houlsby, 1990, argues that any measured value below 1 Lu should be rounded off to 

1, as the sources of error are too large during the measurements. In Swedish conditions, such as the North Link, 

Stockholm City Line, the South Link and Bothnia Line the required Lugeon values after grouting are at given as 

fractions below 1 Lu (Dalmalm 2004, Stille and Gustafson 2010). In the northern segments of the Stockholm City 

Line for example, the required Lugeon value in inspection holes after grouting was set at its lowest to 0.2 (Technical 

Description Stockholm City Line 9509 2011). Lugeon values over 50 are considered high and indicate a presence of 

many open discontinuities in the rock mass. Very high Lugeon values are defined as exceeding 100, where there is a 

presence of open and closely spaced discontinuities or voids in the rock mass (Quiñones-Rozo 2010). 

2.6 Stop criteria 

Stop criteria for grouting works can be set in different ways depending on the prerequisites and requirements of a 

project. As is often mentioned in research papers, in reality grouting remains a practice based on empirical 

experience and trial and error. The set criteria may be formulated in different ways by a client, leaving different levels 

of independence to the contractor and operator. In general, stop criteria are set as minimum flow, maximum volume 

or maximum pressure (Houlsby 1990). These factors may be combined in certain ways, for example grouting should 

come to a stop at a certain minimum flow under a stable maximum pressure for a certain amount of time.  Aiming to 

refine the stop criteria, research has provided, amongst other, two main strategies for stop criteria known as GIN, 

developed by Lombardi and Deere (1993) and the Real Time Grouting Control (RTGC) method presented by 

Gustafson and Stille (2005). 

GIN was brought forward as a tool for managing the grouting process and avoiding hydraulic uplift 

(jacking) in grouting dam constructions. The starting point of the GIN-method was a desire to quantify the energy 

pressed into a rock mass during grouting (Lombardi 1993). The term “grouting intensity” was coined. The GIN-
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factor is easily calculated on site as it is simply the product of the grouting overpressure p and the grouted volume V 

(Equation 2.16). GIN can also be expressed as the cube of the theoretical penetration (or reach) I multiplied by the 

yield stress of the grout, τ0, divided by the hydraulic conductivity K. By reversing Equation 2-16, the theoretical 

penetration can be estimated (Equation 2.17). Although GIN was developed to avoid heaving, Brantberger et. al 

(2000) claim “the risk of hydraulic lifting is not clearly taken care of with the GIN-method”. They base their criticism 

on a study performed in a tunnel within the Stockholm municipality, as a means to assess the applicability of GIN, 

which was originally developed for dam constructions, in tunnel constructions. Instead of simply relying on GIN, 

other mathematical analyses may be applicable instead. Due to the intricate nature of these methods they exceed the 

scope of this paper. Readers are instead referred to Controlling Grout Spread in Tunnel Grouting – Analyses and 

Developments of the GIN-Method by Brantberger et. al (2000) found in the journal Tunneling and Underground 

Space Technology. 

         
     
  

 Equation 2-16 

      
   

  

 

 Equation 2-17 

RTGC is a more modern approach to grouting management than GIN and less applied in real cases. The aim 

of RTGC is to predict the penetration and flow of grout in a fracture in real time in order to optimize the grouting 

process, basing the stop criteria on grout penetration. By developing software that can be used in the field, RTGC 

refines the stop criteria by enabling the operator of the MGU to follow the propagation of the grout and apply any 

necessary changes in terms of material mixture, pressure or other parameter adjustments. Rather than setting stop 

criteria in terms of flow, volume and pressure, RTGC stipulates that grouting should come to a stop when a target 

value or limiting value is reached. A target value should indicate that all fractures above a certain predefined aperture 

are sealed, and the limiting value entails a boundary value which the penetration of the largest predicted aperture 

should not exceed (Rafi 2010, Bruno 2009, Kobayashi, et al. 2008). 

2.7 Hydro-jacking 

The topic of hydro-jacking is debated by researchers. Lombardi (2003) writes that “hydro-jacking is fundamentally an 

expression of effective grouting” and adds that “if a strong slurry with good bounding properties to the rock is used, 

hydro-fracturing is seldom harmful”. The consequences of hydro-jacking may be a lifting, heave, of the joint planes 

if a high pressure is used in shallow tunnels and harm other constructions at the surface or elsewhere within the 

underground space if the rock overburden is small. Also, as Lombardi points out, there may be financial 

consequences of an over-use of cement. While jacking may cause damages and over-use of cement, it may also be 

beneficial to the grouting result in that the pressure opens up the joint and allows for material to cover larger 

surfaces, increasing the sealing effect of the tunnel. Eriksson and Stille however point out that a risk of grout 

spreading outside of designated grouted zone as a consequence of jacking may lead to environmental damages 

(Eriksson and Stille 2005). Furthermore, a high pumping pressure can open small fractures that may cause ingress 

into the tunnel after grouting, even if more grout is pumped into the rock mass (Eriksson 2011). As fractures are 

elastic, there may also be a risk that they are closed temporarily by the increased pressure, but open again when there 

is a release of pressure (Rafi 2011). 

 For further reading concerning the impact on the surrounding rock by grouting pressure reference is made 

to Gothäll and Stille (2010).   
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2.8 Comparative and evaluating measures of grouting results 

Grout take can be given as grout take per meter of borehole, which accounts for the difference in number of 

holes in a fan as well as the length of holes. This was the unit for comparison presented for example in a study of the 

Bothnia line (Stille and Gustafson 2010). Sealing effect and ingress after grouting may also be used as comparative 

tools that will indicate a difference in success rate between projects. The time consumption in projects can be 

compared, as described by Dalmalm (2005) who furthermore suggests that sealing time predictions can be used as 

tools to make correct decisions on grouting methods.  In soil tunnels, ground penetration radar (GPR) can be used 

to detect the grout that has spread around the tunnel (Zhang, Xie och Huang 2009). 

2.9 Previous experiences of grouting in hard rock, South Link and Bothnia Line 

Between 1999 and 2002, 4.5 km of tunnel was excavated in the southern parts of Stockholm as a part of the South 

Link traffic system. In Choice of Grouting Method for Jointed Hard Rock based on Sealing Time Predictions (2004), 

Thomas Dalmalm gives a brief résumé of the grouting procedure in the areas he has studied. Table 2-5 below gives 

some crucial parameters governing the grouting procedure. 

Figure 2-12 illustrates the grouting procedure in the South Link. As can be seen the most time consuming 

parts of the grouting are the drilling and the grouting. Water pressure tests (here, water loss measurements), if 

performed before and after grouting add up to 8 hours to the procedure. The total time ranges from an estimated 

minimum of 24 hours (if all stages are performed with minimum speed and no re-grouting is necessary). Dividing the 

drilling and grouting by the number of holes in a fan gives a minimum of 13 minutes and 7.5 minutes respectively. 

Maximum times give 17 minutes per hole for the drilling and 22.5 minutes per hole for the grouting. The drilling 

speed per hole meter is in the minimum case 36 seconds and in the maximum case 51 seconds. As can be seen in the 

figure, avoiding a second grouting round would save time significantly.  

Dalmalm (2004) classifies the rock in the South Link as being a typical rock for the Stockholm area. From a 

grouting point of view this means that 65% of the rock mass can be sealed using cement based pre-grouting, 25% 

can be grouted by cement pre- and post-grouting and the remaining 10 % need some sort of special measures such 

as chemical grouting or lining.. 

In the Bothnia Line tunnels in northern Sweden, the rock consisted of greywacke and streaks of granite which 

needed different levels of sealing measures (Stille and Gustafson 2010). Three grouting classes were determined with 

alterations to the fan designs. The grouting procedure followed a “standard” Swedish routine with continuous pre-

grouting with cement based grout. However, water pressure tests were used throughout the excavation process 

which provided a good basis for academic evaluations of the grouting results. The procedure overall follows the 

same pattern as in the South Link, as illustrated by  It was shown that there was a correlation between highest 

measured water pressure test value and grout take. The most important factor concerning the grout take was found 

to be the density of the zones and the grouting results differed greatly along the tunnel. 
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2.10 Summary 

Rock is in general an anisotropic and heterogeneous medium, and much research has been devoted to the study of 

grout flow within the rock mass. Hydraulic testing methods have proven to give good indications of the 

characteristics of a tested rock mass, and have shown to be useful in production. Furthermore MWD drill logs have 

been used in several projects as a tool for active design in grouting as well as assessment of rock properties (Paulsson 

2011). The theory surrounding calculations of grout penetration from a hole into the rock mass has been developed 

over the last decade, with major contributions by Kobayashi et. al. (2008) as well as Eriksson and Stille (2005). 

Sealing time predictions, as developed by Dalmalm (2004) and monitoring of production time has been studied in 

large tunneling project, such as the South Link in Stockholm and can, amongst other things, be used for estimations 

of time consumption in a grouting project. Moreover, research on the suitability material types in different 

surroundings provides a basis for optimal material choices (Palmström and Stille 2010). 

 The limitations in grouting projects still remain within transferring scientific knowledge into production, 

and finding complementary tools for estimating costs and time consumption, which are essential factors in large 

tunneling projects. Furthermore comprehensive comparative tools which make different projects readily comparable 

can also be developed further. Active design can be aided further by providing tools that assess fan geometry and 

optimize the work procedure. This master’s thesis is devoted to studying the suitability of the parameters Hole, 

material and Time Intensity as tools in grouting evaluations, while incorporating amongst other factors the 

knowledge gained within the past decade concerning grout penetration, hydraulic testing methods and flow of grout 

within the rock mass. 

  

Table 2-5 Parameters for grouting in the South 
Link road tunnels (Dalmalm 2004) 

 

Important parameters in the South Link tunnels 

Hydraulic conductivity [m/s] 1.910
-5 to 5.110

-8 

w/c** Mix I. 2.0  Mix II. 1.0 

Predominant grouting material Conventional grout cement 

(d95=30µm) 

Predominant grouting phase Pre-grouting 

Borehole length [m] 20 

Overlap between fans [m] 5 

Estimated total time per fan 24 to 97 hours 

Typical tunnel cross-section 

[m2] 

75 

Number of holes per typical fan 32 

Predominant rock types Sedimentary gneiss and 

gneissic granite.* 

Physical apertures [µm] 35 to 160 (average: 90) 

RQD value range 80 – 100 

Grouting pressure [Mpa] 2.5 

Stop criteria Flow <2 l/min 

* The main tunnels stretch along a schistose zone. 

** The water to cement ratio was changed during the course of 

production. At first 2.0 was used but later on it was switched to 

1.0 

 Figure 2-12 Grouting procedure in the South Link with the 
corresponding time consumption for each phase (Dalmalm 
2004). 
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3 METHODS AND MATERIAL  

Throughout the process of this degree project, data has been gathered from two different large scale projects 

that are under construction in the Stockholm area; the North Link (swe. Norra Länken) which is a road tunnel and 

The Stockholm City Line (swe. Citybanan) which is a railway tunnel. More information about the projects and their 

respective prerequisites can be found in Chapter 4 Field Study below. Within these projects grouting has been 

performed in different ways. This thesis is based on four different cases of grouting, represented by one grouting fan 

each, in the report named Case 1 to 4. Case 1 includes data from a fan in the North Link and Cases 2 to 4 include 

data from different fans in the Stockholm City Line, where Case 2 is located in the Main tunnel, i.e. the Track tunnel, 

and Cases 3 and 4 are located in the adjacent Service tunnel.  The data retrieved for all four cases has been retrieved 

from grouting protocols supplied by the Client of both projects, the STA, where the pumping time, grout volume, 

flow and pumping pressure used during grouting are documented. Ideally, the protocols also included notes and 

comments from the operators concerning connections, leakages or other deviating occurrences. Water pressure tests 

have been performed in several fans and the recorded results of these are crucial to the discussions on Hole Intensity 

and sealing effect. Other important sources of data are drill plans, preparatory works as well as tender and 

construction documents. 

The aim of the data processing from the grouting protocols is to define parameters that are readily comparable 

for the different cases. The parameters chosen for this are Hole, Material and Time Intensity, and these are used as 

new concepts for comparisons and evaluations of grouting results, as defined and explained below.  

With regards to limitations, grouting of the studied fans has not been supervised which induces an insecurity 

in the data sampling. For example, connections between grouting holes are generally recorded in the grouting 

protocols but it is not unlikely that on occasion this has not been stated. Failures such as leaking packers may also 

have passed unnoticed. Furthermore, the material used has not been tested independently and the characteristics of 

the material are based on previously performed tests.  

Pre-grouting with the material Rheocem 650 is the focus of the project. It does not take into consideration 

post-grouting or chemical grouting performed in any of the studied fans. Deformations in the rock caused by 

grouting, as well as the stabilizing effect of grouting are not discussed in this report. 

 Several important assumptions are introduced in order to enable the termination of this report within the 

time frame. A conceptual model is thus established with the following main assumptions: 

I. All flow occurs in two dimensions and varies with pressure and time according to Figure 3-1. 

II. Grout is spread evenly around the tunnel, which gives a sealed zone of constant width as presented in 

Figure 3-2.  

III. All holes are perfectly drilled. 

IV. Fractures have even apertures; the grout is distributed evenly throughout the joint plane. 

V. No plugging occurs. 

VI. The results of water pressure tests are reliable and representative of the rock mass. 

VII. The tunnel represents a continuum. 

VIII. The overlap is neglected in the calculations of hole and material intensities. 

IX. Data from the main grouting unit (MGU), so called P/Q-graphs, are not studied in depth. 

X. Costs and economic factors are not studied in depth. 
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Figure 3-1 Theoretical grout flow and penetration in the 2D-case, as it varies with pressure and time (Kobayashi, et al. 
2008). 

 

 

Figure 3-2 Reality versus conceptual model (Zetterlund and Larsson 2004). 
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3.1 The Hole Intensity concept 

In grouting, many parameters differ depending on the project at hand, and therefore defining a parameter that can be 

readily comparable between projects is useful. Although it contains many assumptions and simplifications, the 

concept Hole Intensity (HI) is used as a means to compare grouting concepts in this report. HI is given by Equation 

3-1 and is the quotient of the volume of holes drilled into a grouting fan, Vholes, and the volume of pores in the rock 

mass that is to be sealed, Vpores.  

Hole Intensity (HI):    
      
      

 Equation 3-1 

 

The major variables affecting the Hole Intensity are, for the numerator Vholes; 

 The diameter of the drill core which generates the area of the core, Acore. 

 The length of the boreholes, Lborehole. 

 The number of holes drilled or designed in one fan, or the number of “productive” holes in a fan, i.e. holes 

that displayed some take during grouting, Nboreholes. 

For the denominator Vpores the major variables are; 

 The porosity of the rock, nrock. 

 The calculated grout penetration, I,  or assumed width of the sealed zone, t, which together with the area of 

the tunnel cross section gives the area of the sealed zone, Asealed zone. 

 The length of the sealed zone, Lsealed zone. 

Hole Intensity can be used to study the outcome of grouting in a project. Further on in this section, the designed 

intensity and the resulting intensity after grouting are calculated and compared to an optimal scenario where the 

extent of the sealed zone was the same as in the design and the number of holes was only the ones that showed 

some take during grouting, i.e. the productive holes. The discrepancy between them shows how well the design and 

execution correlate with the optimal scenario  

Ideally, Hole Intensity could also be used as a decision tool before grouting, or an aid in estimating coming 

costs of grouting. For example, if the tunnel cross section is increased in a section, recorded hole intensities from 

previous sections could be used for estimating the number of holes required in the new cross section if all other 

variables remain constant, including the equipment, material and pumping pressure. Further tests and research will 

have to show how useful such a parameter is in reality. 

The parameters Vholes and Vpores contain different variables as discussed above. Equations 3-3 and 3-4 show 

their relationship to Hole Intensity. 

Hole Intensity (HI)    
      
      

 
                           

                               
 Equation 3-2 

 

If, for a simplified calculation, the length of the sealed zone is assumed to equal the length of the boreholes the Hole 

Intensity can be expressed in the following way, for a one meter thick cross section of the tunnel and sealed zone: 

Simplified Hole Intensity:    
          
      

 
                

                  
 Equation 3-3 
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The impact of this assumption depends on the length of the boreholes and the look-out. For a long borehole with a 

short look-out the lengths of the bore hole and sealed zone are much closer than if a short borehole with a long 

look-out is used. A 25 meter long hole with a 5 meter look-out gives a 24.5 meter long sealed zone. In a 1-meter 

thick cross section, somewhere along the tunnel, the length of the boreholes is 1.02 meters. Thus it seems that this 

simplification does not alter the result to a great extent. If 16 meter long holes are used with a 5 meter look-out 

however then the length of the sealed zone is 15.2 meters, which would in terms of pore volume make somewhat of 

a difference in the calculation of Hole Intensity. In a 1-meter slice, i.e. the porous extent of a 1 meter thick cross 

section, though, the length of the borehole is 1.05 meters. If the difference in lengths is to be taken into account, one 

must also consider the difference in look-out between holes. The look-out is usually not given as a specific number 

but as a range and it is not evident that the Contractor follows the instructions at all times. For a 25-meter hole, if 

the look-out is decreased to 4 meters the difference between the length of a borehole and the 1-meter slice is just 

one centimeter, which is rarely important as the other measurements have a far greater insecurity. 

 A benefit of using the area to calculate the Hole Intensity, according to Equation 3-3, is that the overlap 

can be safely omitted; one simply assumes that the 1-meter slice is located outside of the area covered by the overlap. 

If the volume is used, then the overlap must also be subtracted, which is not so difficult but involves one more step 

in the calculations. If 20-meter holes are applied with a look-out of 5 meters, then the sealed zone is 19.4 meters 

long. An overlap of for example 5 meters gives a remaining sealed zone of 14.4 meters, and a hole length of 14.8 

meters, i.e. 20 meters subtracted by 5.2 meters. The Hole Intensity can then be calculated if all other parameters on 

the right hand side of Equation 3-2 are known.  

To illustrate the difference the lengths make in the Hole Intensity a fictive scenario is created where the 

holes are 20 meters using a 60 mm core, the area of the sealed zone is 100 m2, the porosity of the rock is 2 percent 

and there are 10 holes drilled into the fan. The overlap and look-out are set to five meters. Using identical lengths for 

both the sealed zone and the boreholes, thus subtracting the length of the overlap from these which gives 15 meters 

remaining, gives a Hole Intensity of 1.41 percent. If the look-out is taken into account, then the length of the 

boreholes is 14.8 meters and the length of the sealed zone is 14.4 meters which gives a Hole Intensity of 1.45 

percent. Clearly there is a difference, but not a very large one. In this report the choice has been made to calculate 

the Hole Intensity by using the areas, i.e. an assumed 1-meter thick cross section. 

As mentioned above, three types of Hole Intensity are calculated for each case; design, execution and 

optimal Hole Intensity. These three were explained briefly in the introduction and will be clarified further here. 

First of all, to calculate the designed Hole Intensity the sealed zone is assumed to correlate with the desired 

one. The extent of the sealed zone is usually governed by the length of the rock bolts or the width required in order 

to reach a certain sealing effect. All designed holes are included in the Hole Intensity calculation, regardless of 

whether they are productive or not during grouting. If a design requires more than one grouting round, the holes in 

the second and potentially third round are also included in the calculation. Inspection boreholes pose a problem 

here, as they are in a sense part of the design and in many cases grouted. However, in the fans studied in this report 

the inspection holes are generally drilled without a look-out and placed within the face of the cross section, thus it 

seems reasonable to assume that they have a limited impact on the grouting fan. In this report inspection boreholes 

are not included in the calculations of hole, material or Time Intensity, with the exception of Case 2, i.e. the Track 

tunnel of the Stockholm City line, as clarified below. 
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Secondly, the execution Hole Intensity is calculated using two significant adjustments from the designed 

scenario, namely: 

1. The width of the sealed zone equals the calculated penetration. Here, one must consider whether the 

mean, median or any other value is representative of the sampled penetrations, as there are usually a 

number of calculated penetrations for each fan that may differ greatly. 

2. The number of holes included in the Hole Intensity calculation are only the ones that display some 

take during grouting. The number of holes can be smaller or greater than in the design based on 

whether holes were added to a problematic fan or if “dead” holes with no take can be subtracted from 

the total number of drilled holes. 

The third scenario, the optimal Hole Intensity is a combination of design and execution. It is calculated by 

letting the sealed zone remain constant, corresponding to the design, while the number of holes is adjusted so that 

only holes with grout take are included. To clarify, the sealed zone is the same as in the designed scenario and the 

number of holes is the same as in the execution scenario. This intensity is called optimal as it produces a sealed zone 

of the desired width by using exactly the number of holes required. Thus, no unnecessary holes are grouted, and the 

penetration is assumed sufficient in order to seal the desired zone but not greater than that. 

Equations 3-4 and 3-5 show the difference in calculating the sealed zone in the designed and executed 

scenario. I is the calculated penetration and t is the designed width of the sealed zone. As I and t cover the whole 

perimeter, i.e. in the x and y- directions the equations below are not directly applicable. One does not simply add the 

value to the total area, but add it to the sides of the original cross section. Equations 3-4 and 3-5 are thus 

simplifications of a calculation that requires a few more steps to get the extent of the sealed zone right. Figure 3-3 

illustrates the different sealed zones used in the design, which is the same as the optimal, and execution scenario. It is 

assumed that the penetration is constant surrounding the perimeter of the tunnel cross section, which is of course a 

significant simplification. 

  

Area of the sealed zone:                                                    Equation 3-4 

Or:                                                               Equation 3-5 

     

a)  b)  

Figure 3-3 Extent of the sealed zone in a) the designed scenario and b) the execution scenario. 

t 

Asealed zone 

Across section 

I 

Asealed zone 
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3.2 The Material Intensity concept 

The parameter Material Intensity describes how large a void volume that has been filled with grout. An important 

assumption here is that all grout take fills the voids, which for example leaves no margin for material that has leaked 

out of the rock during grouting. It may be suitable to introduce a correcting factor to account for this insecurity.  

MI is given by Equation 3-6 below, where Vgrout is the volume of injected grout and Vpores is the volume of 

pores in the sealed zone. Vholes is the volume of the grouting holes and nrock mass is the porosity of the rock mass. A value 

of 1 indicates an ideal grouting, i.e. all voids in the rock mass have been sealed. However, reaching such a 

relationship is neither realistic nor worthwhile. Such a grouting, where all voids are sealed normally means by far 

exceeding the requirements of the project at hand and thus consuming too much time and money. If a completely 

dry tunnel is required, the solution lies not within pre-grouting but rather in a inserting an advanced type of dry 

lining (Lindblom et. al. 1999). If the Material Intensity exceeds 1 then more grout has been injected in the rock than 

there are voids. In such a case, there is for example either a clear failure of the grouting and fractures may leak grout 

back into the tunnel at some point, or there has been a significant presence of hydro-jacking or hydro-fracturing. If 

on the other hand MI is less than one, which is the most likely scenario, then the injected volume takes up a certain 

fraction of the voids in the rock mass. E.g., if MI=0.45 then 45% of the voids in the rock mass are sealed. As can be 

seen in on the right hand side of Equation 3-6, the volume of the holes is subtracted from the sealed zone as the 

grout volume consumed to fill the holes is not included in the volume of grout factor, Vgrout. Of course, one could 

include the hole volume, but in that case it must be assured that the volume of grout required to fill the holes is 

taken into account. 

 

Material Intensity (MI)    
      

      
 

      

                                

 Equation 3-6 

 

It is desirable to find a correlation between the hole and material intensities. In this way, a desired Material 

Intensity can be set, and based on that the HI can be derived.  

Solving for Vpores for both HI and MI (eq. 3-7 and 3-8) and letting these two equations equal each other gives an 

expression for MI as a function of HI, expressed in Equation 3-9. 

                  Equation 3-7 

 

        
                           

           
 Equation 3-8 

 

    
      

         
 Equation 3-9 

 

This relationship may be useful as a means of appraising the Material Intensity beforehand, based on a desired Hole 

Intensity or vice versa. However, the consumed grout volume must be known which is nearly impossible. It could be 

used to determine the volume of grout required if HI and MI are determined beforehand. However, one must then 

know the number of holes and their volume, which means the sealed zone is known and consequently Equation 4-15 
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could just as well be used. It follows that finding a simple and useful way to retain HI from MI, or vice versa, is not 

achieved in this report. 

3.3 The Time Intensity concept 

Time Intensity is a far simpler concept than hole and Material Intensity, as it does not take the extent of the grouted 

zone into account. It is merely a measurement of how long it has taken to grout all holes in fan, compared to how 

long it took to grout only the holes in a fan that displayed some take. Basically, this provides an illustrative insight 

into how much time is wasted by grouting holes that do not result in any take and do not make any difference in 

terms of sealing the zone around a tunnel. One may say it is a measure of efficiency in the grouting procedure in 

terms of time consumption. 

 As expressed by Equation 4-3, presented again below, the calculation of Time Intensity is straight forward 

and involves only one step. The time consumed in grouting the holes with take, that is subtracting the time 

consumed in grouting “dead” holes from the total time, is divided by the total time. It can then be seen clearly how 

well the grouting time was used. By comparing this intensity between grouting cases one may discuss the impact of 

for example fan design and pumping pressure in terms of sealing time efficiency. 

Time Intensity (TI)    
                         

                            
 Equation 4-3 
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4 FIELD STUDY ,  GROUTING CASES  

In this thesis two tunnel projects within the Stockholm municipality were studied as basis for comparison of grouting 

concepts. Altogether the field study involves four different grouting cases, one from the road tunnel North Link 

(Norra Länken) and three from the railway tunnel Stockholm City Line (Citybanan). Briefly, these four cases are the 

following: 

 Case 1: Grouting in the North Link segment NL35 in the outer main tunnel (swe. yttre huvudtunnel, YHT) in 

the section 3/300 to 3/430. Data from several fans is analyzed in this case. 

 Case 2: Grouting in the Vasa tunnel of the Stockholm City Line. In this case one fan in the track tunnel is 

studied which was grouted using a standard procedure, located at 32+072. 

 Case 3: Grouting in the Vasa tunnel of the Stockholm City Line. In this case one fan in the service tunnel is 

studied, located at 32+323, where standard grouting procedure applies. 

 Case 4: Grouting in the Vasa tunnel of the Stockholm City Line. In this case one fan in the service tunnel is 

studied, located at 32+335, where the grouting procedure has been modified in terms of pumping pressure 

and fan geometry. 

 

In all cases the material Rheocem 650 has been used with a 2% addition of the plasticizer Rheobuild 1000 and water 

to cement ratios varying from 0.5 to 1.1. The pumping pressure differs from 5 MPa in the North Link (Case 1) to 

2MPa in the standard execution in the Stockholm City Line (Cases 2 and 3) as well as 3 MPa in the modified 

execution in the Stockholm City Line (Case 4). In Case 1 the ingress requirements allow for 2.5 liters of water per 

minute and 100 meters of tunnel, whereas in Cases 2 to 4 the maximum ingress is 3.6 liters per minute and 100 

meters of tunnel.  

 The purposes of grouting, the exact locations as well as the design of the grouting procedures in the four 

cases are described below. First, Case 1 in the North Link is described separately and then Cases 2 to 4 in the 

Stockholm City Line are described together as they are based on the same prerequisites and design. 

 

4.1 Case 1 North Link 35  

The North Link is a road tunnel which is constructed as a part of a road system covering the southern, eastern and 

northern periphery of the central parts of Stockholm.  In the North Link there is a total of 11 kilometers of tunnel, 

out of which 9 are rock tunnels executed by drilling and blasting. 

There is a division into sections, where different contractors are responsible for the execution. This report 

focuses on the section called NL35, which is a segment of rock tunnels beneath the Royal City National Park. The 

roadways are divided into two tunnels so that the traffic never encounters the roadways in the opposite direction. 

The two tunnel tubes are named outer main tunnel and inner main tunnel, with reference to the inner city. The 

North Link is under construction at the time when this report is written and the main parts are expected to be open 

for traffic in 2015. 
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4.1.1 Prerequisites  

Purpose and location 

In the road tunnel the North Link (swe. Norra Länken), in the segment NL35, sections 3/300 – 3/422 in the outer 

main tunnel 502 (YHT 502) have been analyzed quantitatively. This includes a total of 8 grouting fans. Figure 4-2 

shows the location of the studied section. 

Results from the grouting protocols in these fans include grout volume, grout take, pumping pressure, time 

consumption and stop criteria. This stretch of the North Link differs from adjacent stretches in the aspect that 

Rheocem 650 from BASF was used instead of the standard material Grouting Cement 30 (swe. Injekteringscement 30) 

from Cementa. The reason for switching material in this case depended on the change of purpose from regular 

grouting to grouting in a zone where larger transmissivities in the rock were encountered. According to Thomas 

Dalmalm of the Swedish Transport Administration there were thus good grounds for using excessive amounts of 

material in order to decrease the ingress, subsequently letting this parameter govern the stop criteria to an extent 

which was not the common one in the rest of the North Link (Dalmalm 2011).  

 

 
Figure 4-1 The main grouting unit in the Stockholm City Line, Vasa tunnel. The mixer is being loaded with a big bag 
of cement (STA, 2011). 
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a)  

b)

 

Figure 4-2 a) The North Link as a part of a ring road system around the center of Stockholm, where the studied 
segment, NL35, is circled. b) Close-up of the North Link stretch around segment NL 35, where the approximate 
location of the fans studied in Case 1 is circled. The outer main tunnel, from which the studied fans are derived, is 
marked with an arrow. 
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Figure 4-3 Geological mapping of the tunnel segment 3/300 to 3/435 in the outer main tunnel of the North Link. 

 

Geological conditions 

The predominant rock type in the tunnel section is granite. Geological mapping has been performed and the results, 

which is illustrated in Figure 4-3 above, show that the Q-values in the tunnel section range from 4 (fair rock quality) 

to 25 (good rock. The rock contains two to three rocks joint sets per measured interval of 5 meters. The inflow in all 

subsections is less than 5l/m locally. The rock exhibits a medium stress, SRF is 1, and the subsection 3/310 - 3/350, 

where the tunnel encounters a fracture zone, differ from the other sections in that they exhibit a higher Ja (3, i.e. the 

joints show silty-, or sandy-clay coating with small clay fractions that are non-softening). Furthermore 3/340 to 

3/345 has an RQD-value of 75, whilst 5 out of the 8 segments concerned have an RQD of 80 and the remaining two 

have an RQD of 85. Altogether this results in lower Q-values in this subsection, the only Q-values below 7 in the 

section 3/300 to 3/430. 

No water pressure tests are performed within the segment where Rheocem 650 was used, but two core drill 

holes were performed slightly to the west. These cores display conductivities in the order of 10-7 m/s, which is a 

normal value for granitic rock which usually displays conductivities of an order within the range of 10-5 to 10-7 

(Knutsson and Morfeldt 2002). 

The recharge area around the tunnel which could be affected by a significant ingress is mainly forest, but as 

this woodland is a part of the Royal National City Park (Nationalstadsparken) it is subject to protection and the ingress 

levels are thus relatively low considering that there are no buildings in the vicinity that risk damage, which is the case 

in the Stockholm City Line described below. 

Stipulated demands and design requirements 

The North Link tunnels adhere to different classifications of sealing. For the tunnel section studied in this project 

the classification is Sealing Class 2, which stipulates an allowed ingress of less than 2.5 l/min and 100 meters of 

tunnel. The ingress requirement is mainly governed by environmental aspects as the functional requirements are met 

by using an inner lining in the tunnel which means that the risk of ingress, which could drip and form ice on the 

roads or installations, is decreased significantly. Figure 4-4 below shows the lining applied in the North Link. 
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Figure 4-4 Lining applied to the road tunnel in the North Link. 

 

In terms of stop criteria, Sealing Class 2 gives stipulates that one of the following occurs then grouting 

should come to a stop when the flow is less than one liter per minute during four consecutive minutes when a stable 

over pressure which corresponds to the maximum pressure (here 5MPa) is applied. Two recipes are used, with w/c 

1.1 and 0.7 respectively. If 30 liters of Recipe I per meter of hole is injected without reaching the minimum flow, 

then Recipe II should be used instead. If 20 liters of material per meter of hole is injected, using Recipe II, without 

reaching the minimum flow then the grouting should come to a stop and the hole considered failed. Figure 4-5 

below illustrates the grouting procedure in a 25 meter deep hole, when a stabile overpressure of 5 MPa is applied. 

It should however be noted that this is the designed scenario for Sealing Class 2, which was applied in Case 

1. The grouting protocols show that the maximum volumes have been exceeded in several cases. There appears thus 

to have been site-specific factors that have led to an acceptance of a higher grout consumption then what was 

designed. 

 
Figure 4-5 Stop criteria in a 25 meter deep hole if a stabile overpressure of 5MPa is applied. 
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4.1.2 Design 

Method of analysis 

Eriksson and Stille, 2005, state the three most common methods of analysis in grouting works are empirical, 

theoretical and in situ-test based methods. Empirical methods are based on experiences and evaluations from 

previous projects while theoretical methods are based on analytical and numerical calculations. In situ tests involve 

active design and field tests. The complex nature of a project such as the North Link indicates that all three should 

have been applied, and no indications of anything else have been found. Due to the lack of available documentation 

the method of analysis for the grouting in the North Link will not be described in detail, but it appears to be rather 

similar to the case of the Stockholm City Line which is presented more thoroughly below. 

Choice of material and procedure 

Measurement While Drilling (MWD) has been applied in the North Link and this applies to Sealing Class 2 as well.. 

Ideally, half a fan should be drilled and the information from the drill logs is to be handed to the Client for analysis. 

During the time of analysis, the Contractor drills the second half of the fan, and if the Client finds that there is a 

need for additional holes these are ordered and drilled before grouting. The Client will study the drill logs in order to 

identify fracture zones and/or water bearing zones which require an increased number of holes to enable a 

successful grouting. As half the fan is drilled before the data is handed over for analysis and the rest of the holes are 

drilled while the Client studies the recorded data, there is rarely a possibility to reduce the number of holes to be 

drilled even if the MWD indicates very good rock conditions. In some sections water pressure tests have been 

performed, but the MWD device has been calibrated to fit the project at hand and is the main source for active 

design in this grouting concept. Within the section studied in this report there were no water pressure tests 

performed, although it was considered an area with difficult prerequisites and occasionally a high presence of water 

bearing fractures. 

 The material used in all four cases, i.e. both in the North Link and the Stockholm City Line, is Rheocem 

650 from BASF, with a two percent addition of the plasticizer Rheobuild 1000. Rheocem is a microfine sulfate 

resistant Portland cement. Rheocem 650 hardens quickly in comparison to other usual cement types. For further 

reading concerning grouting material, see Section 2.4 above. In Case 1, i.e. the North Link, the standard w/c was 1.1 

and the stop ratio was 0.7. In the Stockholm City Line on the other hand the standard w/c is 0.8 and the stop 

mixtures is 0.5. Theoretically, a decreased w/c should increase the yield stress of the material (INTE - The Finnish 

Tunneling Association 2003), which is confirmed by the test results concerning the different mixtures of Rheocem 

650. A decreased w/c also leads to a large increase in viscosity, which is not confirmed by the test results concerning 

w/c 0.5. Furthermore, mixtures with lower w/c tend to exhibit a moderate decrease in binding time. Being a 

plasticizer, Rheobuild 1000 has a large impact in decreasing the yield stress and viscosity of the grout. Concerning 

binding time, the plasticizer has a moderate impact on prolonging the binding time. Rheocem 650 can, according to 

INTE- the Finnish Tunneling Association 2003, be “considered stable, i.e. bleeding less than 2% within two hours 

without any additive”.  

Control program 

The control program includes testing of the material, in order to verify that the proper characteristics are withheld, 

and measuring of the grouting holes. In terms of material, tests should be done before a material is taken into use as 

well as continuously throughout the project. Control Program - Rock (Control program – Rock) stipulates the following 

tests: 

 Marsh cone – To determine the rheological properties of the material. 
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 Method SS-EN 14497:2004/AC2006 to determine the filtration stability. 

 Measuring column to determine the water separation and change in volume. 

 Mud balance to determine the density of the material. 

 Cup tests to determine the hardening time 

In addition to these tests the grouting should be documented in protocols that indicate most importantly the amount 

of grout used, the applied pumping pressure and the flow of grout. The protocols should also include the following 

parameters (Vägverket 2006): 

 Fan location 

 Type of grouting (pre-grouting, post-grouting, chemical grouting etc.) 

 Sealing class 

 Drill plan indicating the numbering of the boreholes 

 Grouting time with start and end times 

 Grout mixture 

 Variations in the composition of the material during grouting 

 Stop pressure 

 Connections between boreholes 

 Personnel responsible for the grouting 

 General observations 

In terms of measuring the accuracy of the drilling; the Contractor should verify the measuring device every fifth 

grouting fan.  

Fan design 

The grouting holes are drilled 25 meters using a core with a diameter of 64 mm. The look-out is 4 to 5 meters (given 

as a in Figure 4-6a) and the distance between the boreholes is 5 meters (d in Figure 4-6a) . The standard number of 

holes in a fan is 28, but deviations occur as a result of the active design applied in the North Link. For example, 

Figure 4-6 below shows the numbering of the 28 grouting holes, where circled holes represent the 14 holes that are 

drilled originally as basis for evaluation of the MWD data. If no additional holes are ordered then the next 14 holes 

complete the fan and grouting can begin. If the MWD data indicates that there is a need for more holes somewhere 

in the fan, these will be ordered by the Client and added to the first round of grouting. 
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a)   
b)

 
Figure 4-6 Fan design in the North Link, for Sealing Class 2 a) schematically and b) as presented in the drill plans. 
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4.2 Cases 2, 3 and 4 The Stockholm City Line  

The Stockholm City Line is a commuter rail tunnel cutting through central Stockholm from south to north. The 

purpose of constructing this line is to free two railway tracks through Stockholm of the commuter traffic, thus 

increasing the capacity of the national railway lines. The tunnel is six kilometers long and divided into eight sections, 

each undertaken by a specific Contractor, as shown in Figure 4-7a). The section studied in this report is the northern 

project called the Vasa tunnel, which connects the northern tracks at Tomteboda with the new station at Odenplan. 

The Vasa tunnel is constructed by drilling and blasting. The whole project is under construction at the time this 

report was written, and is to be completed in 2017.  

 

4.2.1 Prerequisites 

Purpose and location 

In the railway tunnel the Stockholm City Line, three cases of grouting have been studied in which the execution 

differs somewhat. Each grouting case is represented by one fan. Case 2 is located in the Track tunnel at 32+072 in 

segment called the Vasa tunnel. Cases 3 and 4 are located in the Service tunnel at 32+323 and 32+335 of the 

segment Odenplan Station respectively, as marked in Figure 4-7 below. Grouting protocols have been studied as a 

primary source for evaluation. These include grout volume, grout take, pumping pressure, time consumption and 

stop criteria. In all fans water pressure tests have been performed, and the records of these tests are used as a basis 

for calculations of aperture, transmissivity and grout spread. 

 The purpose of grouting in this part of the Stockholm City Line is to meet the environmental prerequisites 

in terms of not allowing ingress of water that could jeopardize the level of the groundwater table. The functional 

requirements concern achieving a tunnel with as little drip as possible in order to protect installations and rails. 

However, fully avoiding drip is not possible through pre-grouting and it must be complemented by post-grouting or 

chemical grouting in specific locations. However, a successful pre-grouting can decrease the instances where post-

grouting is necessary. 
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a)  
b)

 
Figure 4-7 a) The full stretch of the Stockholm City Line, where Segment 2 is circled. The Contractors executing the 
different sections are marked to the right. b) Aerial montage of the tunnel as it passes through the northern part of 
Stockholm inner city, where the approximate locations of the studied fans are circled. All figures from 
www.citybanan.se 
 

Geological conditions 

The predominant rock type is gneiss with stretches of gneiss/granite. In fan 32+072 which represents Case 2 the 

prognosis points out grey gneiss/granite with streaks of pegmatite. The RMR-values range from 70 to 80 in the in-

situ mapping performed after blasts and 70 to 100 in the engineering geologist prognosis which was based on core 

drill holes performed before the project began.  

 The evaluation of water pressure tests performed during the pre-investigations in different areas along the 

stretch of The Stockholm City Line, concerning the Vasa tunnel, displayed a median transmissivity of 5.210
-7, where 

the largest estimated T is 1.810
-5. These values are based on 9 core drill holes over 123 sections. (Engineering 

Geologist Prognosis n.d.). The in-situ tests performed in the grouting fans showed transmissivities that ranged from 

http://www.citybanan.se/
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10-9 to 10-6, with the majority of the measurements displaying transmissivities that were lower than in the prognosis. 

In Section 4, the results of the water pressure tests are presented. 

 The subsequent apertures calculated based on the water pressure tests range from roughly 10 µm to 100µm. 

Contact areas, that are of importance for evaluation of grout propagation in joints (Eriksson 2002) remain unknown. 

In terms of hydrogeology, five main recharge areas are located close to the tunnel stretch concerned in this 

report called Storage III, IV, V, VI and VIII. As the Stockholm City Line passes through a densely populated area, 

buildings that are sensitive to a lowered ground water table have been identified. A number of buildings with 

foundations on soil may be affected if an ingress of ground water into the tunnel leads to a drop in ground water 

level (Control Program - Water Operations 2009). 

Stipulated demands and design requirements 

When developing the grouting concepts for the different sections of The Stockholm City Line, several 

investigations and prognoses were made, based on the demands in force at the time. During the course of the 

construction of The Stockholm City Line, court rulings have changed these demands somewhat but the basic 

concepts still remain. The Stockholm City Line has been divided into partial segments that have an allowed 

maximum ingress each, depending on the sensitivity of the surroundings. The projected ingress of water into the 

Vasa tunnel prior to grouting was estimated to 40.7 liters per minute and 100 meter tunnel. The required ingress after 

grouting of the tunnels was set to 3 l/min/100 m tunnel, which was in line with the requirements of the 

environmental permit application for water operations, but had at this stage not yet become legally binding. The 

court rulings in fact presented both lower and higher permissible ingresses, in what concerns the Vasa tunnel, and is 

explained below. However, based on 3 l/min/100 m, the required sealing effect in the Vasa tunnel was calculated to 

93%. If the groundwater level was to be adjusted in the calculations, taking into concern a possible lowering of the 

ground water table in the rock, then the required effect would instead become 88%. As determined by a court ruling 

at Nacka District Court, the demand for sealing during the construction phase of the main and service tunnels in 

segment 2 of The Stockholm City Line, that is the stretch between 31+900 to 33+500 (se Appendix 2. Maps.), which 

concerns the fans studied in this report, was set to 184 liters per minute along the entire stretch. This figure gives a 

maximum ingress of 3.6 liters per minute and 100 meters of tunnel (Bergab n.d.). 

 In terms of stop criteria there have been some adaptations throughout the working process, based on active 

design. Basically, the criteria are minimum flow, maximum volume and maximum time. If the grout flow is less than 

1 liter per minute during 5 consecutive minutes or if the injected volume reaches 800 liters using Recipe I or 400 

liters using Recipe II then the grouting should come to a stop. The two grouting recipes have water to cement ratios 

of 0.8 and 0.5 respectively. Even if none of these two criteria have been reached then grouting should be stopped 

after 40 minutes pumping time. Magnus Eriksson who was among the designers of the original grouting concepts in 

the Stockholm City Line emphasizes the time aspect and states that it is important to allow for a significant pumping 

time in this geological setting (Eriksson 2011). Further information about the stop criteria and the grouting 

procedure is given below. 
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4.2.2 Design 

Method of analysis 

As discussed regarding Case 1 above, Eriksson and Stille, 2005, state the three most common methods of analysis in 

grouting works are empirical, theoretical and in situ-test based methods. In The Stockholm City Line, which in terms 

of extent and prerequisites is a complex project a combination of all three methods has been used to evaluate the 

need for grouting. The desired conductivities require a sealing effect of up to 93 % (see 3.2.3 above) which alone 

indicates that the grouting is to be deemed as difficult. Eriksson and Stille,2005, divide the difficulty of grouting 

works into three categories based on desired sealing effect and conductivities, where number three is the most 

difficult one. The grouting in The Stockholm City Line falls into the third category, which calls for analytical and 

numerical methods for determination of successful grouting concepts and suitable material choices. Figure 4-8 below 

gives the relationship between the supporting documents concerning grouting in the Stockholm City Line. 

Analytical and numerical methods have led to the development of two grouting concepts, Grouting Concept 1 

that is to be completed in one round of grouting where normal conditions prevail, and Grouting Concept 2 that 

allows for two grouting rounds if the prerequisites are more difficult. The pressure has been set to 2 MPa for both 

concepts, as the dimensional factor for pressure is the risk of hydraulic upheaval, fracturing or jacking. The pre-

investigations show that a risk of hydraulic fracturing is present at an applied pressure of 2 MPa down to 35 meters 

overburden. The main parameters for the two grouting concepts are presented in Table 4-1, below (Dimensionering 

av typinjektering - Koncept 1 2008) 

.  

Figure 4-8 Relations between the documents in force concerning grouting in The Stockholm City Line. 

Table 4-1, Grouting concepts in The Stockholm City Line. 

Parameters of the two grouting concepts in the Stockholm City Line 

Concept 1 2, 1
st

 round 2, 2
nd

 round 

Hole length [m] 21 21 21 

Look-out [m] 4 or 5 4 or 5 4 or 5 

C/c distance at the end of the fan [m] 2,5 3 3 

Minimum overlap [m] 5 5 5 

Minimum time per hole [min] 40 40 
30 (gel time around 40 min, including mixing and 

grouting), effective grouting time is approximately 

15 min. 

Maximum pressure [MPa] 2 2 2 

Maximum volume [l] 500 500 300 

Maximum initial grain size [µm] 30 30 Silica sol (or other fine sealing material) 

Initial w/c [-] 0.8 0.8 Not stated. 
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The observant reader will note that the maximum volume in Table 4-1 doesn’t correlate with what was described 

above. As a result of active design, the maximum volume has been increased to 800 liters. Figure 4-9 gives the 

original values as they were brought forth in the preparatory works as well as the values in force at the time when the 

studied fans in this report were grouted. 

 The criteria for failed holes are the same for both grouting concepts in the original design and are presented 

in Table 4-2 above. 

The pre-investigations that presented the two typical concepts discussed above were the foundation for the 

technical description put forward by the Swedish Transport Administration in which the grouting is described again. 

As basis for active design, MWD drill logs and grouting protocols were used by the construction manager in order to 

determine whether additional holes or rounds were necessary. 

In the technical description certain adaptations have been made from the earlier studies. For example, 

actions regarding failed grouting holes, described above, are not stated. Instead a refined description of the grouting 

routine is provided in which two cases are described. Initially, grouting is performed with a maximum volume of 300 

l of grout, and assuming the stop pressure is not reached the grouting continues with a maximum of 200 liters. If the 

pressure exceeded 50 % of the stop pressure, the grouting continued with the same material (usually w/c 0.8), if not 

recipe II (0.6 or 0.5) was used. The procedure than follows through more steps (explained in Figure 4-9a below), 

using recipe II and III. The maximum injected volume is 1200 liters for Case 1, and 1000 l for Case 2. In case 1 the 

recipes are distributed as follows; (300+200 Grout mixture I) + (300 Mixture II) + (400 Mixture III) = 1200 liters 

total volume. In Case 2; (300 Mixture I) + (300 Mixture II) + (300 Mixture III) = 1000 liters total volume. The 

above cases are, according to the technical description, to be applied in cases of high transmissivity or large grout 

volumes consumed without the stop pressure being reached (Technical Description Stockholm City Line 9509 2011). 

The proposed procedure has been further adapted, and the mixture with w/c 0.6 is dropped, leaving only two 

mixtures (0.8 and 0.5) and a new routine described in Figure 4-9b). As mentioned above, the maximum volume using 

w/c 0.8 has been increased to 800 liters. Furthermore the fraction of the stop pressure achieved at the first stop 

volume is not taken into account unless it reaches or exceeds maximum pressure. 

The Work Procedure brought forth by the Contractor contains the elements of the technical description 

and includes the actions that are to be taken, according to the typical execution documents, in cases of failed holes. 

The criteria for failed grouting are however not stated in the report; reference is only made to the client as being in 

charge of ordering any such actions, should they become necessary. In the drawings for typical grouting execution 

the criteria for a second round are stated (Sweco, Grontmij 2010). They are essentially the same as in the original 

execution (Table 4-2 above), but with the addition of a fourth criteria which states that in case of an injected volume 

exceeding 26 liters per meter borehole an additional parallel hole should be executed (Working Procedure - WP33-1 

Grouting 2011). For a standard borehole of 21 meters, this means a total injected volume of 546 liters. At the time of 

Table 4-2 Consequences of failure 

Actions to be taken in case of failed holes 

Failure category Consequences of failed results, identical for both concepts 

Failed single hole 3 additional adjacent holes. 

Several failed adjacent holes Minimum 5 additional holes covering the concerned area. 

Several failed holes in the sole Additional grouting round in the whole sole. 

More than half of the holes reached maximum volume. Additional grouting round in the whole fan. 
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grouting the fans studied in this report there were clearly mixed messages concerning the maximum volume. The 

active design which changed the procedure has been communicated to the Contractor but the documents were not 

yet updated. 

 The stop criteria applied in the section of Stockholm City Line studied in this report do not correspond to 

either of the two main theories presented in the literature survey above, i.e. Real Time Grouting Control and GIN. 

They are somewhat similar to a GIN-type stop criteria and Figure 4-10 below presents a hypothetical corresponding 

GIN-curve. In the central segment of the Stockholm City Line RTGC is applied.  
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Figure 4-9 a) Originally developed grouting procedure in case of high transmissivity or large grout takes. b)Grouting 

procedure in force at the time of grouting the fans concerned in this report. 

Figure 4-10 The Stop criteria in The Stockholm City Line may be said to resemble a GIN-type criteria with the 
corresponding curve for 20 bar and 30 bar respectively. 
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Choice of material and procedure 

As described for Case 1 above, the material used is the sulfate resistant microfine cement type Rheocem 

650 with a 2 % percent addition of the plasticizer Rheobuild 1000. The standard w/c is 0.8 and the stop w/c is 0.5. 

The standard grouting procedure for the track tunnel is illustrated in Figure 4-11 below. Larger drawings 

are included in Appendix B. 

The shortest required overlap of grouting fans is 5 meters, the required spacing between the tips of the 

drilled holes is 2.5 meters and the standard hole length for the first round of grouting is 21 meters. In some 

occasions, this design is altered and the hole length is set to 16 meters in the first round. The overlap is increased to 

8 meters some sensitive areas. The holes drilled for a potential second and third round of grouting are to be drilled 

two meters shorter than in the first round, i.e. if 21-meter holes are used in the first round then the second round 

should have holes of 19 meter’s depth.  The core of the drill is to be smaller than 60 mm in diameter. The cores used 

in the studied fans are 54 mm in diameter. 

For the service tunnel, the procedure is essentially the same apart from the number of holes per fan which 

is decreased from a standard of 25 holes to a standard of 19 holes. The drawing for the service tunnel can be found 

in Appendix 3. Maps and drawings.  

Control program 

The control mechanisms at hand for the grouting in The Stockholm City Line are regulated in two main documents 

Control Program - Rock (swe. Kontrollprogram - Berg) and Control Program - Water Operations (swe. Kontrollprogram - 

Vattenverksamhet). Concerning the grouting results in terms of ingress, two instruments are used to ensure a 

satisfactory grouting; water pressure tests in inspection holes and measurements in measuring dams placed along the 

length of the tunnel.  

Water pressure tests are to be performed as ordered by the Client. The Contractor will perform and 

monitor the tests and report certain data to the Client who will then evaluate the results and take any necessary 

action. The documentation should include:  

 Length and diameter of the borehole  

 Location of the packer in the borehole 

 Water pressure 

Figure 4-11 Standard grouting procedure in the track tunnel of The Stockholm City Line (Sweco, Grontmij 2010).  
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 Injected volume of water per minute 

 Calculated water loss for a 5 minute period applying a stabile pressure of 1 MPa 

Depending on the area in the tunnel the criteria for water pressure tests are as follows: 

1. Track tunnel and service tunnel, 31+080 to 32+250: Lugeon ≤ 0.3 

2. Odenplan station including all elements on the stretch 32+250 to 32+720: Lugeon ≤ 0.2 

The water in the measuring dams is measured only when there has been no work involving process water within 

the past two days. The contractor is required to present the results of the measurements to the client. 

Whether the testing and monitoring follows the instructions and requirements of the control program is discussed in 

section 6.1. 

Fan designs 

Figure 4-12 gives the fan design for the three fans that represent each grouting case, i.e. Case 2, 3 and 4 are 

represented by fans 32+072, 32+232 and 32+335 respectively. Case 2 is derived from the main tunnel, where 27 

holes are drilled, numbered from 1 to 27 clockwise from the bottom left hand corner. In Case 3 which is the 

standard execution in the service tunnel 30 holes are drilled. In Case 4, which represents a modification of the 

grouting procedure in the service tunnel, the number of holes are reduced by half and thus 15 holes are drilled. As 

was the case in the North Link, every other hole is drilled and the recorded MWD data is sent to the Client for 

evaluation. If the Client sees a need for additional holes these will be ordered. In the studied fans however, this has 

not been the case. In all cases, the grouting is done in one round. 
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a)  

b)  

c)  

Figure 4-12 a) Fan 32+072, numbered from 1 to 27 clockwise starting in the bottom left hand corner b) Fan 32+323, 
where holes 22 to 25 were left ungrouted c) Fan 32+335 

  

1 

27 
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5 RESULTS  

In this section the parameters hole, material and Time Intensity are calculated for each of the four cases, the 

calculations are explained in the Methods section above and presented again below. Symbols are explained in the List 

of Symbols above. 

Hole Intensity (HI)    
      
      

 Equation 5-1 

 

Material Intensity (MI)    
      

      
 Equation 5-2 

 

Time Intensity (TI)    
                         

                            
 Equation 5-3 

 

The equations used in calculating Lugeon values and apertures are the following, presented more thoroughly in the 

literature survey above: 

 

Hydraulic conductivity:               Equation 5-5 

    

Transmissivity       Equation 5-6 

 

Hydraulic aperture:    
       
    

 Equation 5-7 

 

Volume, 2D, one fracture:          Equation 5-8 

 

 

  

Lugeon value:     
 

 
   

  

  
   Equation 5-4 
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Figure 5-1 Geological mapping of the eastern part of the segment which was grouted with Rheocem 650. The location 
of fan 3/355 is marked. Fracture zones are marked with a blue grid. 

 

5.1 Field results 

5.1.1 Case 1, North Link 35, Outer Main Tunnel 

The section of the North Link 35 which was grouted with Rheocem 650 stretches from fan 3/300 to fan 3/435 in 

the outer main tunnel. After reviewing the grouting protocols from the stretch, one fan was chosen to represent this 

grouting case, i.e. fan 3/355. This choice was based on proximity to the location of the core drill holes combined 

with a standard execution. In fan 3/300 which is closest to the core drill holes, varying bore hole lengths were used, a 

practice that was later abandoned which meant only 25 meter holes were used. Fans 3/318 and 3/334 cut through a 

fracture zone rendering them somewhat unsuitable for comparisons. In terms of rock characteristics the Q-value in 

fan 3/355 ranges from 8 to 11, which is also in the middle of the overall range for the section Appendix C. gives the 

Q-values for the stretch 3/300 to 3/435. Figure 5-1 above shows the location of fan 3/355 to the west of the 

fracture zone, depicted in the geological mapping. The core drill holes were located to the east of the figure, see 

Appendix A. Maps. 

 

Hole Intensity 

The average cross section in the North link is 160 m2, and 

the standard number of holes in each grouting fan in the 

section concerned by this report was 28. The look-out was 5 

m and the maximum bolt length was 5 m. Thus the required 

extent of the sealed zone was set 5 meters in order to 

coincide with these two parameters. Due to the lack of 

detailed drawings, the tunnel cross section was simplified into 

a rectangle with a base of 13 meters and a height of 12.3 

meters, Figure 5-2. The extent of the sealed zone around the 

tunnel would in such a case be 23*22.3 meters = 513 m2. . 

Assuming all grouted holes were 25 meters, neglecting the overlap, the volume of the sealed zone was 12 823 m3 

rock. Subtracting the volume of the cross section gave a sealed zone of 8825 m3. Assuming a porosity of 2 percent, 

 

 

Figure 5-2 Simplification when calculating the 

extent of the sealed zone, where V2 represents the 

volume of the sealed zone and V1 is the volume of 

the cross section. 

V1 

V2 
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the groutable volume was 176.5 m3. The diameter of the drill holes was 64 mm which, including all 28 holes, yielded 

a Hole Intensity of 2.25/176.5=0.013 m3 of holes per m3 of groutable fractures or 1.3 %. This Hole Intensity will be 

referred to as the design Hole Intensity, as it assumes that the sealed zone stretches exactly 5 m out from the tunnel 

and that all 28 holes were grouted successfully. Grouting in fan 3/355 has shown however that there was a recorded 

grout take in 25 out of 28 holes. Taking only these holes into consideration while keeping the extent of the sealed 

zone constant yielded a Hole Intensity of 1.1 %, which will be referred to as the optimal Hole Intensity. By calculating 

a theoretical grout penetration based on grouting results and water pressure tests an additional Hole Intensity, the 

execution Hole Intensity, was calculated below. 

 

Material Intensity 

The total grout take in fan 3/355 was 24 153 l was approximately 24 m3. This figure includes only standard holes, i.e. 

it excludes notations in the protocol that were marked with X due to the lack of explanations of what these notations 

were. Divided by the porous volume of the sealed zone this yielded a Material Intensity of 13.7 %. This means that if 

the sealed zone was the intended, i.e. it stretched five meters outside of the tunnel, then about 14 % of the voids in 

the rock mass were filled with grout, assuming the porosity of the rock mass was 2 %. 

The grout take distribution in fan 3/355 is described in Table 5-1. In an effort to illustrate how 

representative fan 3/355 was compared to the other fans in the section, the grout take in all fans but 4/435 in the 

section were plotted in Figure 5-3 below. As illustrated in Figure 5-3a) the predominant grout take per hole was less 

than 100 l, 33 % of the holes recorded display a grout take of less than 100 l. Roughly, 80 % of all holes take less 

than 1800 liters (marked with a black rhombus/column in the graph) and 90 % of the holes take less than 2200 liters 

(marked with a grey square/column in the graph). In order to achieve a suitable mean value as basis for comparison, 

the sample has been trimmed, removing the 10th and 90th percentile, as illustrated in Figure 5-3b). Table 5-2 shows 

the properties of this distribution. 

 
Table 5-1 Grout take distribution in fan 3/355 and its corresponding descriptive statistics. 

 

Descriptive statistics of the grout take 

distribution in fan 3/355 

Mean 862,61 

Standard error 159,54 

Median 638,62 

Standard deviation 844,20 

Variance 712674,64 

Minimum 0,00 

Maximum 2091,62 

Sum 24153,02 

Number of samples 28 

Confidence level (95,0%) 327,35 
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As can be seen in Figure 5-3, the grout take distribution above does not represent a normal distribution. This 

suggests the mean value may not be the most suitable value to represent the population. The trimmed distribution 

does however display somewhat of a shape similar to that of a Pareto distribution, a power law distribution, which is 

commonly encountered when sampling field data from natural sources (Gustafson 2009). Pareto distributions are 

best represented by the distribution factor k, but in this project which is not specified in statistical processing of data, 

the mean and median values were compared between fan 3/355 and the whole distribution. It is visible that the 

mean value in fan 3/355 was higher than for the whole sample, 863 l instead of 660 l. Trimming the distribution in 

fan 3/355 in the same way as for the whole sample, i.e. removing the highest and lowest 10%, did not affect the  

a)  

b)  

Figure 5-3a) Frequency of grout taken in all recorded holes in the North Link. b) Trimmed distribution. 

Table 5-2. Properties of the trimmed grout take distribution for all holes concerned in the segment grouted with 

Rheocem in the NL35. 

Descriptive statistics of the trimmed grout take distribution in fans 3/300 to 3/422 

Mean 660 

Standard error 44 

Median 326 

Mode 1377 

Standard deviation 673 

Variance 453065 

Number of samples 237 

Confidence level (95,0%) 86 
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mean value to any significant extent. The mean was increased to 868 l in this way. The median increased from 639 l 

to 767 l in a trimmed distribution. It can thus be said, based on this brief comparison, that the grout take in fan 

3/355 was slightly higher than the average in the whole sample. This means that a standard Material Intensity for this 

tunnel segment would be slightly lower than the 14 % calculated for fan 3/355.  

Based on the mean and mode values generated by all recorded holes grouted in the trimmed distribution 

for Case 1, a hypothetical fan could be calculated in order to illustrate this difference. Assuming all holes in a fan 

were grouted successfully, and that a fan contained 28 boreholes (which was the standard number of boreholes that 

were grouted in a fan), the total grouted volume in a fan was 18 480 l of grout if the mean value was applied and 

9 128 l grout if the median was applied. It should be added that using the Pareto distribution factor k would have 

given a better approximation. As calculated for Hole Intensity above the volume of the sealed zone was 176.5 m3. 

The Material Intensity for such a hypothetical fan in Case 1 was thus 18.48 divided by 176.5 which was roughly 10 % 

if the mean value was applied, and analogously 5 %  if the median value was applied. 

A Material Intensity of 13 % was thus within the same order as a hypothetical fan generated by the mean 

value of the whole sample, and with this in mind it can be said that fan 3/355 was sufficiently representative of the 

whole sample in terms of Material Intensity.  

 

Time Intensity 

The time required to seal the standard holes in fan 3/355 was 28 hours and 33 minutes. There was grout take in all 

but three out of 28 holes in this fan. If only the holes with take were taken into account, the time consumed to seal 

the fan was 28 hours and 20 minutes. It follows that 14 minutes were spent pumping holes with no take and 

pumping was stopped after roughly five minutes in all three holes. Time Intensity is defined above as the time to seal 

holes with take divided by the time consumed by pumping all holes. As the “dead” holes were abandoned 

comparatively quickly, the Time Intensity was 99%. Only one percent of the total time was thus spent pumping 

holes without take. 

Following the same approach as for the Material Intensity, the time consumption in fan 3/355 was 

compared with the full sample from fans 3/300 to 3/422. The pumping time distribution for fan 3/355 is presented 

in Figure 5-4 below with corresponding descriptive statistics in Table 5-3. In the sample below, all attempts of 

grouting one specific hole were added together, and many of the holes in fan 3/355 required grouting with both w/c 

1.1 and 0.7. Appendix D gives the pumping time distributions based on the different grouting mixes. If only the first 

grouting attempt was considered in each hole, i.e. using w/c 1.1, then the mean pumping time was 45 minutes. If 

only grouting with w/c 1.1 was considered the total pumping time was approximately 19 hours and 50 minutes. It 

follows that 8 hours and 45 minutes were spent pumping with w/c 0.7. 

Appendix D gives the pumping time distributions for all fans in the segment of NL35 that was grouted 

with Rheocem, where it is amongst other factors visible that the mean value was 1 hour and 2 minutes. The time 

consumption for grouting a hypothetical fan of 28 successfully grouted holes was, using the mean value per grouting 

hole and assuming that 28 holes per fan were grouted, 29 hours and 12 minutes. In terms of pumping time fan 

3/355 consumed slightly less time than the typical fan in this tunnel segment.  
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a)

 

b) 

 
Figure 5-4 Pumping time distribution in fan 3/355. a) Full sample distribution and b) Trimmed sample distribution. 
 
 

Table 5-3 Descriptive statistics for the trimmed pumping time distribution in fan 3/355. 
Properties of the trimmed pumping time distribution 

Mean 0:56:26 

Standard Error 0:08:33 

Median 1:03:59 

Mode n/a 

Standard Deviation 0:41:53 

Sample Variance 0:01:13 

Minimum 0:05:25 

Maximum 2:16:01 

Sum 22:34:13 

Number of samples 24 

Confidence Level(95,0%) 0:17:41 
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Theoretical grout penetration 

In order to calculate the theoretical grout spread in a typical fan in the segment of the North Link concerned in this 

report, calculations based on the results from water pressure tests were used. Due to the lack of specific tests from 

each fan in the segment, the necessary parameters for grout penetration calculations were estimated from two core 

holes located close to the section, see Appendix A. By calculating the Lugeon value at different depths, the hydraulic 

conductivity, transmissivity and subsequently the aperture of the fractures and the specific capacity could be 

calculated using equations 4-4 to 4-7 presented in the literature survey above.  

The engineering geologist prognosis for the North Link suggests the location of the tunnel is at a depth 

ranging from 20 to 40 meters overburden. Thus the values from the WPT’s taken into account were within a range 

that includes the tunnel, with some margin. For K3KBH1 this means only values from 14.5 to 53.5 were taken into 

consideration and for K3KBH5 only the values between 9 and 54 meters depth. Table 5-4 gives the Lugeon values 

from the water pressure tests and their corresponding apertures. These results will then be used for an 

approximation of a theoretical extent of the sealed zone for a typical fan can be calculated. Appendix D gives the full 

results of the water pressure tests in the two core holes. 

Table 5-4 Apertures calculated using the cubic law at different depths in the two core holes K3KBH5 and K3KBH1, 
sorted by depth, based on the Lugeon values derived from the water pressure tests. 

Aperture calculations 

Depth (m) Lugeon value (Lu) Aperture (µm) 

9-12 9.3 115.24 

14.5-17.5 18.7 145.19 

15-18 3.1 79.90 

17.5-20.5 20.0 148.57 

26.5-29.5 12.4 126.83 

27-30 12.0 125.31 

29.5-32.5 12.0 149.66 

32.5-35.5 19.1 146.33 

33-36 2.0 68.96 

35.5-38.5 18.7 145.19 

38.5-41.5 3.3 81.76 

39-42 3.1 79.90 

41.5-44.5 4.0 86.88 

45-48 3.3 81.76 

47.5-50.5 12.0 125.31 

48-51 2.7 75.90 

53.5-56.5 17.8 142.85 

54-57 4.7 91.46 
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Figure 5-5 Frequency distribution of the apertures calculated in Table 4-4, from the two core holes within the range 
that encompasses the tunnel location. 

 

 
Figure 5-6 Calculated apertures plotted against the depth for which they are calculated. bmin represents the minimum 
groutable aperture for Rheocem 650, which is 46 µm. bcritical represents the maximum groutable aperture which is 88 
µm. 
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Figure 5-5 above describes the frequency of the apertures calculated from the two core drill holes. As can be seen 

from the cumulative percentage, plotted on the secondary y-axis in Figure 5-5, 50 % of the apertures were smaller 

than 120 µm. Roughly 20 percent of the sample was within the range of 60 to 80 µm. About 34 % lie within the 

range of 140 to 150 µm. The mean value of the whole sample was 112 µm, the statistical characteristics are given in 

Table 5-5 below. The mean value of the lowest 50 % of the sample was 85 µm, and for the highest 50 % it was 139 

µm. The descriptive statistics for these distributions are given in Appendix D. If the distribution was instead divided 

into three parts consisting of a minimum, middle and maximum range the corresponding mean values were 78, 112 

and 146 µm respectively, as given by Table 5-6. When calculating the theoretical penetration, these three values were 

used. 

As can be seen in Figure 5-6, 6 of the 18 samples exceed the values for bcritical. In the figure it is also visible 

that the apertures were not dependent of the depth to any significant degree. In the division into three categories in 

Table 5-6, the mean value of the smallest third of the sample was within the groutable range for Rheocem 650 (the 

mean was 78 µm and bcritical was 88 µm). Both the middle and the highest thirds exceed this value. Figure 5-7 shows 

how there appears to be no dependence on depth in the division of the samples into three parts. 

Table 5-5 Descriptive statistics of the 
whole aperture distribution 

 

Descriptive statistics of the aperture 

distribution 

Mean 1,12E-04 

Standard error 7,18E-06 

Median 1,20E-04 

Mode 1,45E-04 

Standard deviation 3,05E-05 

Variance 9,28E-10 

Range 8,07E-05 

Minimum 6,9E-05 

Maximum 0,00015 

Number of inputs 18 

Confidence level (95,0%) 1,51E-05 Figure 5-7 Variation of apertures by depth, for the lowest, middle and 
highest thirds of the distribution respectively. 
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As discussed in the literature survey, different ways of obtaining the theoretical grout penetration can be used. In this 

calculation the penetration, I, was calculated geometrically using Equation 4-8 above. The lack of graphs from the 

grouting unit leaves the dimensionality of the fractures unknown, but in this report it is assumed that the 

predominant grout flow is always in 2D. It should be noted that the calculations of theoretical grout penetration are 

just that, theoretical, and assume that all flow is transmitted through one fracture only. It is assumed that the largest 

fracture always dominates and accounts for 70 percent of the flow. It should also be noted that the achieved 

penetration using a geometrical estimation is a rough value as the fracture is assumed to have an even joint plane. 

The conceptual model of this report is discussed in the introduction above. Using the three mean values for aperture 

the penetration was calculated for the holes in fan 3/355. There were 25 grouting holes in this fan that could be used 

for an estimation of penetration. Table 5-7 gives the penetrations calculated for each grouting hole based on 

geometrical estimations from the recorded grout take for the three different apertures bmin, bmiddle and bmax. Figure 

5-8 a) to c) shows the penetration distributions for each aperture. N.b., holes with no take were however included in 

the distributions shown in Figure 5-8 (in the column representing a penetration from 0 to 5 meters). 

  

Table 5-6 Descriptive statistics for the lowest, middle and highest thirds of the aperture distribution. 
Min Middle Max 

Mean 78,03 Mean 111,84 Mean 146,30 

Standard error 2,01 Standard error 7,39 Standard error 1,01 

Median 79,90 Median 120,27 Median 145,76 

Mode 79,90 Mode 125,31 Mode n/a 

Standard deviation 4,93 Standard deviation 18,09 Standard deviation 2,48 

Variance 24,33 Variance 327,43 Variance 6,16 

Range 12,80 Range 39,95 Range 6,81 

Minimum 68,96 Minimum 86,88 Minimum 142,85 

Maximum 81,76 Maximum 126,83 Maximum 149,66 

Number of inputs 6 Number of inputs 6 Number of inputs 6 

Confidence level (95,0%) 5,18 Confidence level (95,0%) 18,99 Confidence level (95,0%) 2,61 
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Table 5-7 Theoretical penetration in the grouting holes in fan 3/355 using the smallest, middle and largest apertures 
calculated from the aperture distributions in the core holes. 

Apertures from the borehole applied on fan 3/355 to yield penetrations 

Grouting 

hole 
Grout take [m

3
] bmin. range 

bmiddle 

range 
bmax range 

I [m] geometrical 

bmin 

I [m] geometrical 

bmiddle 

I [m] geometrical 

bmax 

1 1,34E+00 7,80E-05 1,12E-04 1,46E-04 73,99 61,75 54,08 

2 1,63E+00 7,80E-05 1,12E-04 1,46E-04 81,57 68,08 59,62 

3 2,09E+00 7,80E-05 1,12E-04 1,46E-04 92,39 77,10 67,53 

4 2,09E+00 7,80E-05 1,12E-04 1,46E-04 92,39 77,10 67,53 

5 9,62E-03 7,80E-05 1,12E-04 1,46E-04 6,26 5,23 4,58 

6 1,08E+00 7,80E-05 1,12E-04 1,46E-04 66,44 55,44 48,56 

7 2,15E-01 7,80E-05 1,12E-04 1,46E-04 29,59 24,70 21,63 

8 7,68E-01 7,80E-05 1,12E-04 1,46E-04 55,97 46,71 40,91 

9 5,10E-01 7,80E-05 1,12E-04 1,46E-04 45,60 38,06 33,33 

10 2,76E-02 7,80E-05 1,12E-04 1,46E-04 10,62 8,86 7,76 

11 2,46E-02 7,80E-05 1,12E-04 1,46E-04 10,02 8,36 7,33 

12 4,46E-02 7,80E-05 1,12E-04 1,46E-04 13,49 11,26 9,86 

13 2,06E-02 7,80E-05 1,12E-04 1,46E-04 9,17 7,65 6,70 

14 1,46E+00 7,80E-05 1,12E-04 1,46E-04 77,23 64,45 56,45 

16 1,79E+00 7,80E-05 1,12E-04 1,46E-04 85,39 71,26 62,41 

17 1,86E-02 7,80E-05 1,12E-04 1,46E-04 8,72 7,27 6,37 

20 1,48E+00 7,80E-05 1,12E-04 1,46E-04 77,63 64,78 56,74 

21 1,93E+00 7,80E-05 1,12E-04 1,46E-04 88,74 74,05 64,86 

22 1,61E+00 7,80E-05 1,12E-04 1,46E-04 81,02 67,61 59,22 

23 1,86E+00 7,80E-05 1,12E-04 1,46E-04 87,11 72,70 63,67 

24 1,88E+00 7,80E-05 1,12E-04 1,46E-04 87,63 73,13 64,05 

25 1,25E-01 7,80E-05 1,12E-04 1,46E-04 22,55 18,82 16,48 

26 1,69E+00 7,80E-05 1,12E-04 1,46E-04 83,04 69,30 60,69 

27 7,26E-02 7,80E-05 1,12E-04 1,46E-04 17,21 14,37 12,58 

28 2,46E-02 7,80E-05 1,12E-04 1,46E-04 10,02 8,36 7,33 
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a) 

b)  

c) 

Figure 5-8 Calculated penetration distributions using a)the smallest aperture (78 µm), b)the middle aperture (112 µm) 
and c) the largest aperture (146 µm) 
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In order to calculate the resulting sealed zone around the tunnel after grouting, a representative penetration had to be 

assigned. In the simplest case, the mean values for the three governing apertures, bmin, bmiddle and bmax could be used 

which yielded three different extents of the sealed zone. Using bmin, the mean penetration was 49 m. The extent of 

the sealed zone with this penetration was estimated to 6041 m3 of groutable space, i.e. the void volume assuming a 

porosity of 2%, using the same assumptions as in the empirical case above and adding the assumption that the grout 

spreads 49 m straight out from the grouting holes, corresponding to a grout flow in two dimensions (Kobayashi, et 

al. 2008). A multiplier could be defined to consider the serpentine route of the penetration which would present a 

more realistic image of the behavior of the grout around the tunnel. 

An important assumption in this case is that the penetration was the same in all holes, which clearly does 

not correspond to the real grouting situation but was used as a means of comparison. The same assumption follows 

for bmiddle and bmax which yielded mean penetrations of 41 and 36 m respectively. The sealed zone for bmiddle was 

4399 m3 of voids, and for bmax it was 3503 m3 of voids. It should be kept in mind that such a scenario is not likely, 

due to the complex nature of the fractures and the exact value of the extent of the sealed zone should only be used 

as an approximate indicator of the grouting results or in comparisons with concepts applying the same assumptions 

or it will be misleading. 

 To further refine the data analysis, the penetrations plotted in Figure 5-8 have been divided into three mean 

values each, so that for every aperture (bmin, bmiddle and bmax) there are three penetrations (Imin, Imiddle and Imax). This 

yielded a total of nine penetrations that generate different sealed zones and subsequently different hole intensities. 

Table 5-8 gives the resulting volumes and intensities using these nine measurements of penetration. The results 

comply with the theory as the larger the aperture, the shorter the penetration. Figure 5-9 illustrates this graphically. 

Table 5-8 Penetration and hole intensities for the nine representative values. 
Penetration and execution Hole Intensity based on three apertures 

  

Imin Imiddle Imax 

bmin 78µm 

Penetration (m) 8 52 87 

Hole Intensity (%) 0.65 0.03 0.01 

bmiddle 112 µm 

Penetration (m) 6 43 72 

Hole Intensity 0.84 0.04 0.02 

bmax 146 µm 

Penetration (m) 6 38 63 

Hole Intensity 1.00 0.05 0.02 

 

 

 

 

  



57 

 

Hole Intensity discrepancy 

 To evaluate the correlation between the design and execution, the discrepancies between the obtained values for 

Hole Intensity were calculated and presented in Table 5-9. In the optimal and the designed scenario, the penetration 

was 5 meters and number of holes was 25 and 28 respectively, which gave hole intensities of 1.1 and 1.3 %. 

Depending on the chosen value for grout penetration, the extent of the sealed zone in the execution was between 

114 and 9737 percent of the designed zone. There was subsequently a large difference and significant insecurity in 

the hole intensities calculated for the North Link.  

 

 

Figure 5-9 Hole Intensity for the nine representative values, plotted on the logarithmic y-axis, and how they vary with 
the penetration. 

 

Table 5-9 Parameters obtained from the theoretical grout spread. The number of holes is 28 in the design and 25 in 

the execution and optimal scenario and the drill core has a diameter of 64 mm.  

 

Design Optimal Execution 

Grout penetration [m] 5 5 8 6 6 52 43 38 87 72 63 

Extent of the grouted zone [m
3
] 177 177 307 240 202 6678 4831 3825 17185 12271 9612 

Extent of the grouted zone (% of the optimal value) 100 - 174 136 114 3783 2737 2167 9737 6952 5446 

Hole Intensity (% of the optimal value) 112 - 57 73 87 3 4 5 1 1 2 
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5.1.2 Case 2, Stockholm City Line Track tunnel, normal execution 

The results from the track tunnel were based on data from fan 32+072 in the track tunnel. The design required a 

sealed zone with a width of six meters around the tunnel, preferably achieved in one grouting round with 27 16 

meter deep holes. Assuming a porosity of 2 %, the porous volume of the sealed zone was 152 m3. Water pressure 

tests were performed in the roof of the tunnel prior to grouting and in five inspection holes after grouting. The 

grouting was performed with a 54 mm drill core, using a pumping pressure of 2MPa (20 bar). 

After the first round of grouting a clear failure in terms of meeting the required Lugeon value had occurred 

in the floor of the tunnel as could be seen from the water pressure tests performed in the inspection holes. Despite 

this, grouting the inspection holes was seemingly judged sufficient, and no second round of grouting was ordered. 

The inspection hole which was grouted in the floor was included in the calculations below, as it can be regarded as 

an additional hole. In Table 5-10 below the values retrieved from the fan are presented. 

Table 5-10 Case 2, track tunnel of normal execution. 
 

Grouting results in fan 32+072 

Sum of positive take [l] 2814 

Total number of holes 27 + 1 additional hole 

Number of holes with positive grout take 12 + 1 

% take 46% 

Total grout take in the fan (l) 2814 

 

Hole Intensity 

In Case 2, represented by fan 32+072, only 12 out of the 27 original holes displayed any take during grouting. 

Adding the inspection hole in the floor of the tunnel, considering it as an additional grouting hole, 13 holes were in 

fact grouted in this fan. If the volume of the holes was divided by the porous area of the designed sealed zone this 

gave a Hole Intensity of 0.65%, if all 27 holes in the design were included which will be referred to as the designed 

Hole Intensity. Grouting has shown however, that in this case only 13 holes were required which yielded an intensity 

of 0.31% and will be referred to as the optimal Hole Intensity. Using estimations of grout penetration below, a third 

Hole Intensity was calculated which will be referred to as the execution Hole Intensity. 

Material  intensity 

In order to determine the Material Intensity the sealed zone was assumed to coincide with the intended one in the 

design of the grouting concept in Case 2. By dividing the total grout take in this fan, given as 2814 liters in Table 

5-10 above, with the porous volume of the sealed zone a Material Intensity of 0.81% was obtained. It can thus be 

concluded that less than one percent of the voids in the sealed zone were filled with grout, if the porosity of the rock 

mass was 2 %.  

Time consumption 

 The time required to seal fan 32+072 was 8 hours and 30 minutes. The time consumed in filling the holes that tilt 

downwards was included in this figure. As a measure of comparison the time consumed was divided by the number 

of holes which gave a pumping time of 2.2 minutes per hole. If only the holes with take were taken into account, the 

time consumed to seal the fan was 6 hours and 14 minutes. It follows that 2 hours and 15 minutes were spent 

pumping holes with no take. In the optimal case, only holes with take should consume pumping time and so the total 

pumping time in the fan was divided by the time consumed grouting the holes that had some take which yielded the 

parameter Time Intensity which for Case 2 was 73 %.  
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Theoretical grout penetration 

Water pressure tests were performed in the roof of the tunnel before grouting as well as in five inspection holes after 

grouting. As the inspection holes were tested after grouting these values were not be taken into account when 

calculating the apertures, apart from in the case of inspection hole number 5, I5, which was the only measurement 

from the floor of the tunnel, which also showed a large cement take during grouting. Table 5-11 presents the results 

of the water pressure test in these holes.  

The theoretical grout penetrations generated by the water pressure tests in the roof of the fan are presented 

in Table 5-11 below. The values presented were based on the water pressure tests in the tested holes where there was 

some recorded take, which was only the case in 2 out of the 9 holes. Since the dimensionality of the fractures 

remains unknown, as for Case 1, all fractures are assumed to have a 2D-flow. The water pressure tests in the roof 

combined with the recorded grout take gave theoretical penetrations in three of these holes, G7, G9 and G14. By 

setting these equal to the width of the sealed zone, three hole intensities could be retrieved as presented in Table 

5-12 below.  

Based on the water pressure tests and the recorded grout take, it appeared as though the variation in the 

rock mass was very significant in fan 32+072, and it is unfortunate that no water pressure tests were performed in 

the floor of the tunnel prior to grouting as they could have given a better picture of the situation surrounding the 

tunnel. It should be noted that there was a significant grout take in I5, and a Lugeon value that exceeded the 

requirement of 0.3 Lu, although there had been one round of grouting. The holes in the floor of the fan displayed 

large grout takes, of 400 to 800 liters, and if the apertures before grouting were, hypothetically, ten times larger than 

for I5 it would have given penetrations of 13 to 20 meters. In turn this would have given hole intensities slightly 

below 0.1 %. 

 

  

Table 5-11 Results from the water pressure tests in fan 32+072, including the grouted inspection holes in the floor 
of the tunnel 

Water pressure test results, fan 32+072 

 

WPT Aperture estimation 

hole Q l/min volume [I] Lugeon k T 
Adjusted b 

(70%) 

Specific 

capacity 

G10 5.56 40.33 0.35 3.49E-08 5.24E-07 6.59E-05 6.18E-06 

G11 12.07 99.61 0.98 9.75E-08 1.46E-06 9.28E-05 1.34E-05 

G12 6.65 58.17 0.50 5.04E-08 7.56E-07 7.45E-05 7.39E-06 

G13 5.16 36.32 0.36 3.61E-08 5.41E-07 6.66E-05 5.73E-06 

G14 5.15 37.75 0.26 2.63E-08 3.94E-07 6.00E-05 5.72E-06 

G6 5.55 36.34 0.21 2.11E-08 3.16E-07 5.57E-05 6.17E-06 

G7 2.75 38.03 0.17 1.71E-08 2.56E-07 5.19E-05 3.06E-06 

G8 4.48 42.51 0.24 2.35E-08 3.52E-07 5.78E-05 4.98E-06 

G9 4.88 36.96 0.39 3.94E-08 5.92E-07 6.86E-05 4.98E-06 

I5 14.56 51.2 0.50 5.01E-08 7.52E-07 7.43E-05 1.62E-05 
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Table 5-12 Parameters obtained from the theoretical grout spread in the holes G8, G14 and I5 based on the grout 
take. 

Hole Intensity, fan 32+072 

Hole ID 
G8 G14 G9 

Grout penetration [m] 
0.44 3.46 17.76 

Number of grouted holes 
13 13 13 

Extent of the grouted zone [m3] 7 72 823 

Hole Intensity [%] 6.99 0.66 0.06 

 

Discrepancy 

When the three steps for obtaining hole intensities have been carried out, the results can be compared with each 

other in the following way, presented in Table 5-13 below. For the optimal and the design cases the penetration was 

assumed to correlate to the width of the sealed zone in the design. The execution describes the scenario when the 

grout has spread straight out (radially) from the tunnel to a distance from the tunnel cross section equal to the 

penetration which was estimated geometrically based on water pressure tests. If the number of desired holes in the 

design corresponded with the number of successfully grouted holes then the Hole Intensity in the optimal case 

would be equal to that of the design case. For fan 32+072, the resulting Hole Intensity in the optimal case was lower 

than what was designed, hence the Hole Intensity in the design was 208 % of the optimal, i.e. the optimal Hole 

Intensity for this fan was twice exceeded. 

 Comparing the optimal case with the execution based on a penetration of 0.5 meters the extent of the 

sealed zone was only 4 percent its size. It follows that the Hole Intensity was much higher than in the optimal case as 

the number of holes was the same, but distributed over a smaller space. Table 5-13 shows that the Hole Intensity 

was roughly 22 times as large as in the optimal case if the penetration was 0.44 meters. If the penetration on the 

other hand was set to 3.5 meters, which was 58 percent of the designed width of the sealed zone, then the extent of 

the sealed zone was half of the intended and the Hole Intensity was roughly double that of the optimal. Inversely, if 

the penetration was 18 meters, which is not a very realistic figure if the flow is radially outwards from the tunnel, 

then the sealed zone was more than five times larger than in the optimal case and the Hole Intensity was merely 19 

% of the optimal intensity. 

Table 5-13 Discrepancy between the design, optimum and execution values. 

Data obtained from the Hole Intensity calculations in the design, execution and optimal case, and how the design and execution 

corresponds with the optimal values. 

 
Design Optimal Execution 

Correspondence with the optimal value 

Design Execution 

Penetration (m) 6 6 0.5 3.5 17.8 - 7% 58% 196% 

Number of grouted holes 27 13 13 13 13 208 % - - - 

Pore volume of the sealed zone 

[m
3
] 

152 152 7 72 823 - 

 

4% 47% 540% 

Hole Intensity [%] 0,65% 0,31% 6.99 0.66 0.06 208 % 2237% 211% 19% 
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5.1.3 Case 3, Stockholm City Line Service tunnel, normal execution 

The fan 32+323 was chosen to represent the standard concept in the execution of the service tunnel. This fan was 

grouted in one round, and water pressure tests were performed in all grouting holes before grouting as well as in 

eight inspection holes after grouting. The requirement was set as a maximum Lugeon-value of 0.2 after grouting, 

which was achieved in all but one inspection hole. The grouting holes were thus grouted and none of the holes 

failed, hence the requirements were assumed to be met and no further grouting rounds were ordered. The bottom 

right hand corner was left ungrouted because of other construction works that were to be made later on. This may 

be the reason that the inspection hole located closest to the ungrouted area displayed a Lugeon value that was slightly 

above the required 0.2. It should also be added that only 41 percent of the holes in this fan display a positive grout 

take. The holes were drilled with a 54 mm core and the tunnel cross section was 108 m2. The design required a sealed 

zone with a width of 6 meters around the tunnel. 

Hole Intensity 

In Case 3, represented by fan 32+323, only 11 out of the 30 original holes displayed any take during grouting. No 

additional holes were added and grouting was only performed in one round. If the volume of all 30 holes in the 

design was divided by the porous area of the designed sealed zone, 202 m3, and if the porosity was set to 2%, the 

resulting Hole Intensity was 0.68%, and will be referred to as the designed Hole Intensity. Grouting has shown 

however, that in this case only 11 holes were required which yielded an intensity of 0.25% and will be referred to as 

the optimal Hole Intensity. Using estimations of grout penetration below, a third Hole Intensity was calculated which 

will be referred to as the execution Hole Intensity. 

Material  intensity 

 When calculating the Material Intensity, as well as the time consumption below, the grouting of the inspection holes 

was neglected as it was not standard procedure to perform this many inspection holes. 192 liters of grout were used 

in the first grouting round. As the bottom right hand corner was left ungrouted a model take based on the mean 

value and the percentage of successfully grouted holes was assigned to these holes. This gave an addition of 28.5 

liters which gave a total amount of 220.5 liters of grout. The corresponding Material Intensity was 0.11 %. The low 

material consumption, and subsequently low Material Intensity, was amongst other factors a result of the large 

number of holes without take.  

Time Intensity 

 In total 4 hours and 19 minutes were spent grouting this fan. Adding a model value for the ungrouted holes based 

on the other holes in the fan that were tilted downwards (and require a backfill) in the bottom right hand corner gave 

a total value of 4 times 10 minutes and 28 seconds plus 4 hours and 19 minutes which was 5 hours and 1 minute. 

Dividing this with the number of holes gave a pumping time of approximately ten minutes per hole. From the 

protocols it followed that 2 hours and 17 minutes were spent pumping the holes with take. Thus, 2 hours and 44 

minutes were spent pumping holes with no take. Dividing the time used pumping holes with take by the total 

execution time gave a Time Intensity of 46 %. 

Theoretical grout penetration 

 The basis for the calculation of theoretical grout penetration was the result of the water pressure tests 
performed prior to grouting. Tests were performed in 26 holes under a pressure of 10 bars during approximately five 
minutes and the results as well as the subsequent calculated aperture values are presented in Table 5-14. The adjusted 
aperture values marked in red show that the aperture was lower than bmin for Rheocem 650 with an addition of 2 
percent Rheobuild 2000 which was the material used in grouting this section. As given above bmin was 46 µm and 
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bcritical was 88 µm. In four holes the Lugeon-value exceeds the required 0.2 Lu limit. It can thus be noted that out of 
these 26 holes, only these four need any grouting at all to meet with the requirements. Prior to grouting this fan was 
notably already 85 percent tight. Furthermore, the water pressure tests show that only six holes have groutable 
fractures. To determine the penetration I, in the same manner as for the two previous cases, a geometrical estimation 
based on the grout take was performed. The theoretical penetration of 7 meters was represented by the median value 
of two-dimensional grout penetration based on geometrical calculations from the recorded grout take. Using the 
theoretical grout penetration the extent of the porous sealed zone was estimated to 303 m3.  

Table 5-15 below gives the properties obtained from the theoretical grout penetration.  

Discrepancy 

 

Table 5-15 gives the discrepancy between the optimal and the design and execution values respectively. The sealed 

zone was 125 percent of the designed zone, and it follows that the Hole Intensity in the execution was quite close to 

the optimal intensity. The design exceeded the optimal Hole Intensity about 2.5 times because of the large number 

of holes without take. 

 

 

Table 5-15 Discrepancy between the design, optimum and execution values. 

Data obtained from the Hole Intensity calculations in the design, execution and optimal case, and how the design and execution 

corresponds with the optimal values. 

 

Design Optimal Execution 

Correspondence with the 

optimal value 

Design Execution 

Penetration (m) 6 6 7 - 0,52 

Number of grouted holes 30 11 11 2,73 1 

Pore volume of the sealed zone [m
3
] 202 202 252 - 

 

125% 

Table 5-14 Results from water pressure tests in fan 32+323. b is the adjusted aperture, where 70 percent of the flow 
is assumed to pass through one fracture. The flow is assumed to be in 2D. 

Water pressure test results and theoretical grout penetration in fan 32+323 

 

WPT Aperture estimations 

Hole Q l/min volume [I] Lugeon [Lu] k [m/s] T [m
2
/s] b [m] I [m] geometrical 

G1 3,41 40,9 0,178 1,78E-08 3,37E-07 5,69E-05 19,28 

G12 0,38 2,1 0,020 2,03E-09 3,86E-08 2,76E-05 6,97 

G15 0,06 0,4 0,003 3,24E-10 6,15E-09 1,50E-05 4,12 

G16 1,27 13,3 0,066 6,60E-09 1,25E-07 4,09E-05 4,26 

G18 0,02 0,1 0,001 9,66E-11 1,83E-09 1,00E-05 11,84 

G19 1,69 25,4 0,088 8,82E-09 1,68E-07 4,51E-05 5,39 

G20 5,40 35,1 0,284 2,84E-08 5,40E-07 6,66E-05 17,48 

G2 4,40 0,7 0,229 2,29E-08 4,36E-07 6,20E-05 10,72 

G30 0,13 39,6 0,007 6,77E-10 1,29E-08 1,92E-05 4,75 

G6 4,14 33,1 0,224 2,24E-08 4,27E-07 6,15E-05 10,10 

G9 1,29 10,3 0,067 6,71E-09 1,27E-07 4,11E-05 4,79 

 

MEAN 9,06 

MEDIAN 6,97 
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Hole Intensity [%] 0,68% 0,20% 0,25% 273% 80% 

5.1.4 Case 4, Stockholm City Line Service tunnel, modified execution 

The modified execution in fan 32+335 differed from the standard execution in that the pressure was raised to 30 bar 

and the number of grouting holes was decreased by half. In this fan there were thus 15 holes instead of the original 

30 holes. For construction purposes, an additional 10 holes were grouted in the right hand wall. In order to assess 

the concept, the fan was simplified using only the grout take data from the left hand wall. Water pressure tests were 

performed in all holes in the fan, and an additional round of inspection holes were tested after grouting. The tunnel 

cross section was 135 m2 and the grouting holes were drilled with a 54 mm core. 

Hole Intensity 

The groutable volume of the designed sealed zone, which stretches six meters outside of the tunnel cross section was 

351 m3 assuming a porosity of 2 %. The standard number of holes for this concept was half that of Case 3, i.e. 15 

holes with a diameter of 54 mm which yielded a total hole volume of 0.69 m3. No additional holes were added and 

grouting was only performed in one round. Divided by the extent of the groutable zone this yielded a Hole Intensity 

of 0.20% if all 15 holes in the design were included, which will be referred to as the designed Hole Intensity. Grouting 

has shown however, that in this case 14 holes were required which yielded an intensity of 0.18 % and will be referred 

to as the optimal Hole Intensity. Using estimations of grout penetration below, a third Hole Intensity was calculated 

which will be referred to as the execution Hole Intensity. 

Material  intensity 

In this fan a total of 1126 liters of grout was used, assuming that all the grout had a density of 1.68 kg/dm3, this 

corresponds to 1891 kg. However, as the grouted holes on the right hand wall may have been connected to the extra 

holes grouted on this side, this may not have been an accurately representative sum. Instead, the values for the 

undisturbed sides were used to simulate a proper grout take in the right hand wall. Two holes were connected to a 

large fracture in the face of the tunnel, which gave an unrepresentatively large grout take as the fracture was allowed 

to leak large volumes back into the tunnel. These two holes were included in the material consumption in the fan, 

but it should be kept in mind the reason for this being the presence of one large fracture within the tunnel cross 

section. The total volume of grout consumed was then 1170 liters of grout, in which the two failed holes were 

included. The Material Intensity was thus calculated to 0.33%. 

Time Intensity 

Using the same assumptions as for the Material Intensity, the time required to seal a full fan was estimated to 6 hours 

and 2 minutes. From the protocols it follows that 20 minutes were spent pumping the two holes without take. 

However, one of these holes was located on the right hand wall of the fan, and it is likely that it had already been 

sealed by the extra holes grouted on this side. If this hole was instead considered groutable, then only 7 minutes were 

spent grouting holes without take in this case, which yielded a Time Intensity of 98 %.  

Theoretical grout penetration 

The water pressure tests in fan 32+335 display a situation similar to that of Case 3, where many of the values were 

lower than the required 0.2 Lugeon even before grouting, see Table 5-16 below. In fact, only one of the measured 

holes, G28, showed a need for grouting. The water pressure test failed for some unknown reason in G23, in which 

there was a recorded connection with G28 during grouting. It seems likely that a successfully executed test in G23 

would have shown a similar result as for G28.  
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Several of the calculated apertures were lower than bmin for Rheocem 650 with an addition of 2 % 

Rheobuild 2000 which was the material used in grouting this section. As given above bmin was 46 µm and bcritical was 

88 µm. In theory this means only holes G20, G21, G28 and possibly also G23 were groutable, which was true for 

most cases in Case 3. However, during grouting it appeared that all but two holes, G9 and G20 (in which there were 

suspected connections with previously grouted holes), exhibited some grout take. One may suspect this has to do 

with the higher grouting pressure applied in this fan, i.e. 30 bar instead of 20 bar. Based on the recorded grout take 

and the grouting parameters the theoretical grout penetration was calculated geometrically and presented in Table 

5-16. I was represented by the median value of 13 meters. 

Using the theoretical grout penetration the extent of the sealed zone was estimated to 1026 m3. Table 5-17 

gives the properties obtained from the theoretical grout penetration.  

Discrepancy 

From Table 5-17 it can be noted that the extent of the grouted zone exceeded the intended zone in the design by 

slightly more than two times. This could be expected since the penetration was more than double the width of the 

sealed zone. In terms of Hole Intensity, the design corresponded well to the optimal scenario, this mainly due to the 

fact that all but one hole had some take in this concept. 

 

 

 

 

 

 

Table 5-16 Results from the water pressure tests performed in fan 32+335.  The flow is assumed to be in 2D. 

Water pressure test results and penetration, fan 32+335 

Hole 
WPT Aperture and penetration estimations 

Q l/min volume [I] Lugeon [Lu] K [m/s] T [m
2
/s] b [m] I [m] geometrical 2D 

G1 0,56 3,68 0,028 2,79E-09 5,58E-08 3,12E-05 12,95 

G3 0,06 0,27 0,002 2,38E-10 4,77E-09 1,38E-05 10,01 

G5 0,03 0,20 0,002 1,52E-10 3,03E-09 1,18E-05 8,44 

G7 0,2 1,20 0,010 9,90E-10 1,98E-08 2,21E-05 7,79 

G9 0,08 0,40 0,004 3,88E-10 7,77E-09 1,62E-05 connection 

G11 0,14 0,74 0,007 6,72E-10 1,34E-08 1,94E-05 16,51 

G14 0,06 0,30 0,003 2,96E-10 5,93E-09 1,48E-05 16,19 

G16 0,08 0,40 0,003 3,40E-10 6,80E-09 1,55E-05 connection 

G18 0,43 2,17 0,022 2,16E-09 4,31E-08 2,87E-05 connection 

G20 0,99 8,12 0,188 1,88E-08 3,75E-07 5,90E-05 Connection 

G21 2,44 27,38 0,123 1,23E-08 2,47E-07 5,13E-05 10,01 

G25 0,07 0,36 0,003 3,45E-10 6,90E-09 1,56E-05 15,09 

G27 0,16 0,84 0,007 6,99E-10 1,40E-08 1,97E-05 33,90 

G28 5.00 44,08 0,259 2,59E-08 5,18E-07 6,57E-05 57,07 

 

MEAN 17,09 

MEDIAN 12,95 
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5.1.5 Summary of the results 

Hole Intensity 

The parameters calculated based on grouting protocols and water pressure tests as well as the discrepancy factors are 

presented for Cases 2 to 4 in Table 5-18 and Table 5-19 below. Case 1, which involved nine different penetrations, is 

instead presented in Table 5-20.  

In the design of the grouting concepts in the Stockholm City Line, the grout penetration was judged 

sufficient if it covered half the width of the sealed zone, in this case 3 meter. In these calculations, the penetration 

was assumed to be radial out from the tunnel which means that to cover the sealed zone, the penetration must equal 

its width, i.e. 5 m for Case 1 and 6 m for Cases 2 to 4.  

Table 5-18 Summary of calculated parameters for Cases 2 to 4 from the Stockholm City Line. 

Hole intensities, Cases 2, 3 and 4 

 

Case 2 Case 3 Case 4 

Execution 1 Ex. 2 Ex. 3 Design Optimal Exec. Design Optimal Exec. Design Optimal 

I 0.5 3,5 18 6 6 7 6 6 13 6 6 

Apores 

[m
3
] 

4,51 0,4 51,5 9,5 9,5 12,6 10,1 10,1 33,4 15,6 15,6 

nholes 13 13 13 27 13 11 30 11 14 15 14 

HI* 6,99% 0,66% 0,06% 0,65% 0,31% 0,20% 0,68% 0,25% 0,10% 0,22% 0,20% 

 * Aholes=0.0023 m2 

 

Table 5-19 Deviation from the optimal case for a) the execution and b) the design, in terms of Hole Intensity. 

Discrepancies, Cases 2, 3 and 4 

  

Execution with optimal Design with optimal 

Case 2 E1 Case 2 E2 Case 2 E3 Case 3 Case 4 Case 2 Case 3 Case 4 

I 7% 58% 296% 117% 217% 100% 100% 100% 

Apores [m
3
] 47% 4% 540% 124% 214% 100% 100% 100% 

nholes 100% 100% 100% 100% 100% 208% 273% 107% 

HI 2237% 211% 19% 80% 47% 208% 273% 107% 

 

 

Table 5-17 Discrepancy between the design, optimum and execution values. 

Discrepancy between obtained values 

 
Design Optimal Execution 

Correspondence with the optimal value [%] 

Design Execution 

Penetration (m) 6 6 13 - 217 

Number of grouted holes 15 14 14 107 - 

Pore volume of the sealed zone [m
3
] 313 313 669 - 

 

214 

Hole Intensity [%] 0,20 0,18 0.10 107 47 
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Table 5-20 Values for penetration and Hole Intensity from Case 1 for the nine different penetrations I1 to I9 as well 
as their corresponding discrepancies with the optimal scenario. 

Hole intensities, Case 1 

Scenario Penetration [m] Hole Intensity % of optimal Apores % of optimal HI 

Optimal 5 1,14% 100% 100% 

Design 5 1,28% 100% 112% 

I1 6 1,00% 114% 87% 

I2 6 0,84% 136% 73% 

I3 8 0,65% 174% 57% 

I4 38 0,05% 2167% 5% 

I5 43 0,04% 2737% 4% 

I6 52 0,03% 3783% 3% 

I7 63 0,02% 5446% 2% 

I8 72 0,02% 6952% 1% 

I9 87 0,01% 9737% 1% 

 

Material Intensity 

Table 5-21 gives the material intensities for the four cases assuming a constant 2% porosity of the rock mass 

surrounding the tunnel. Section 5.2.2 below discusses the reliability of the porosity assumption and its impact on the 

Material Intensity. 

Table 5-21 Material Intensity for cases 1 to 4. 

Material Intensity 

CASE Total amount of grout consumed in the fan [m
3
] Pore volume [m

3
] MI 

1 24.15 177 13.00% 

2 2.81 152 1.85% 

3 0.22 202 0.11% 

4 1.17 343 0.34% 

 

Time Intensity 

 Table 5-22 gives the Time Intensity for the four cases. The time consumed was the total pumping time, not 

the actual time consumption as up to 6 simultaneous lines were used. Furthermore, the time to set up equipment etc. 

was not included. 

Table 5-22 Time Intensity for the four different cases 
Time Intensity 

 Case 1 Case 2 Case 3 Case 4 

Execution time 28 h 33 min 8 h 30 min 5 h 1 min 6 h 2 min 

Optimal time 28 h 20 min 6 h 14 min 2 h 17 min 5 h 55 min 

Time Intensity 99 % 73 % 46 % 98 % 
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5.2 Analysis  

5.2.1 Intensities 

Hole Intensity 

Table 5-24 and Table 5-23 below show some important aspects of grouting in the four studied cases, divided by the 

projects from which they were derived. Case 1 has the highest Hole Intensity, as calculated in Section 5.1 above, 

which may be explained by the number of successfully grouted holes in a cross section that was smaller than in Cases 

3 and 4. In Case 4, where the cross section was largest only half the number of holes produced some take compared 

to Case 1, where the cross section was significantly smaller.  

In Case 1, the conductivity before grouting was significantly higher than in the three other cases and the 

pumping pressure was higher. These factors may provide an explanation for the Hole Intensity being so much higher 

in Case 1. The lowest mean conductivity before grouting was found in Case 3, which in turn also required the lowest 

number of holes. Divided by the cross section it follows that in Cases 1 to 4 0.16, 0.09, 0.05 and 0.04 holes 

respectively are required to seal 1 m3 of rock. 

From the results calculated based on data from the North Link and the Stockholm City Line it appears as though the 

greater the conductivity and the higher the grouting pressure the more successful holes there are, which in turn 

generates a higher Hole Intensity.  

For the parameter Hole Intensity to be useful, one should be able to expect similar intensities for 

grouting fans in similar geological settings using the same grouting procedure. From the sampled data in this project, 

it appears as though this is a valid assumption. Although the geology seems somewhat similar in terms of rock 

quality, the conductivity and grouting procedure are significantly different in the North Link compared to the 

Stockholm City Line which produces varying hole intensities. 

 It is interesting to note the correlation between Cases 2 and 3, that represent the same grouting 

procedure but in different cross sections. If rounded off to one decimal, the Hole Intensity is the same; 0.3 %. In 

both cases there are few successful holes, but in Case 2 the mean conductivity before grouting is higher than in Case 

Table 5-23 Calculated parameters and prerequisites of Case 1. 

Characteristics of the fan in the North Link 

Calculated parameters 

  
Case 1 

Optimal Hole Intensity [%] 1.3 

Sealed zone [m
2
] 177 

Nholes 28 

Geological factors 

Mean conductivity before grouting 3.16E-07 

Mapped Qmin 4.72 

Mapped Qmax 25 

Smallest aperture 6.90E-05 

Largest aperture 8.69E-05 

Assumed porosity 2% 

Pumping characteristics 
Pumping pressure [Mpa] 5 

Pumping time (min per hole) 46 

Material characteristics* 

% volume w/c=0.8 79.8 

% volume w/c=0.7 19.7 

% volume w/c = 0.5 0.5 
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3. As could be expected, the Hole Intensity is slightly higher for Case 2 than Case 3, which is not only because of a 

smaller cross section but because of the number of holes with take. 

In Case 4 on the other hand, the Hole Intensity is smaller than Cases 2 and 3, even though there are 

more successful holes. Here, the explanation lies within the increase in cross section combined with a higher 

grouting pressure. As was discussed above, Case 4 only required 0.04 holes to seal 1 m3 of rock, as compared to 0.09 

and 0.05 in Cases 2 and 3. Had the pumping pressure been left unaltered one could speculate about the outcome in 

Case 4. The water pressure tests showed that only three holes, possibly four as there was most likely a mistake made 

during the testing in one hole, had apertures within the groutable range of Rheocem 650. Had there been only 4 

instead of 14 holes with take the resulting Hole Intensity had been 0.06 %, which is very much lower than in the 

other two cases. The conductivities measured in this fan show a greater span than in the other two cases, where 64 % 

of the holes gave a result in the order of 10-10 in the water pressure tests. The deviation from Cases 2 and 3 in this 

fan could thus be explained by a difference in geological factors. However, further testing is necessary in order to 

find a representative and useful Hole Intensity for the tunnels around the tested fans in the Stockholm City Line.  

 In Section 4 an execution Hole Intensity was calculated. In this way, the grout penetration is taken into 

account. The purpose of the penetration is twofold. First of all it affects the extent of the sealed zone around the 

tunnel. A general rule of thumb when setting the intended extent of the sealed zone is that it should at its minimum 

cover the rock bolts that are inserted into the rock for stability purposes. For all cases in this report, the length of the 

rock bolts is 5. It follows that the penetration must be enough to cover the width of the sealed zone, or at least half 

of it depending on assumptions in the design. Furthermore, the extent of the sealed zone needs to be sufficiently 

large so that the required inflow is sufficiently low. Thus, the extent of the grouted zone is governed by the larger out 

of these two parameters, i.e. either the bolt length or the required extent based on ingress calculations. When 

Table 5-24 Calculated parameters and prerequisites of Cases 2 to 4. 

Characteristics of the three fans in the Stockholm City Line 

Calculated parameters 

 
Case 2 Case 3 Case 4 

Optimal Hole Intensity [%] 
0.31 0.25 0.19 

Sealed zone [m
2
] 

152 202 343 

Nholes 
13 11 14 

Geological factors 

Mean conductivity before grouting 
4.04E-08 7.69E-09 9.81E-09 

Mapped Qmin 3.2 3.8 5.9 

Mapped Qmax 15.8 5 5.9 

Smallest aperture 
5.19E-05 1.00E-05 1.61E-05 

Largest aperture 
9.28E-05 7.10E-05 7.68E-05 

Assumed porosity 
2% 2% 2% 

Pumping characteristics 
Pumping pressure [Mpa] 

2 2 3 

Pumping time (min per hole) 
12.5 9.3 15 

Material characteristics* 
% volume w/c=0.8 90 100 92 

% volume w/c = 0.5 10 0 8 

Stop criterion applied 

Volume 1% 0% 7% 

Time 0% 0% 0% 

Flow over time 94% 100% 87% 

Other 5% 0% 6% 
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calculating the execution Hole Intensity, the extent of the sealed zone was calculated based on the penetrations 

estimated from the water pressure tests. 

Secondly, the grout penetration must also be sufficiently long to seal the space between the grouting holes. 

This factor has not been taken into account when calculating hole intensities. In order to say that a Hole Intensity is 

optimal, it must meet both requirements, i.e. it should be significantly long to cover the width of the sealed zone as 

well as the space between the holes. Figure 5-1 below illustrates two approaches that can be applied to calculate 

whether an achieved penetration is sufficient or not, as presented by Bruno, 2009. The optimistic approach considers 

the distance between the tips of the boreholes, either the full distance, which gives an overlap or half the distance. 

Half the distance between the tips of the boreholes is a very optimistic approach and in this report the optimistic 

approach is considered to cover the full distance between the tips. The safe approach covers the distance from the 

end of the overlap in one hole to the tip of the adjacent hole. 

Table 5-1 below gives the calculated penetration and the distances it should cover based on the different 

approaches. As can be seen, all penetrations but Case 2 are sufficient in terms of the width of the sealed zone. All 

but the shortest penetration in Case 2 cover the distance in the optimistic approach but only Case 4 and the longest 

penetration in Case 2 are sufficient for the safe approach. The preparatory work in the Stockholm City Line 

stipulates that the penetration must cover half the width of the sealed zone, i.e. 3 m, and the full distance between 

the tips of the bore holes, approximately 2.5 to 3.5 meters. Based on this, all studied fans in the Stockholm City Line 

meet the requirement apart from the shortest penetration in Case 2. Overall, the assessment of Case 2 is very 

difficult due to the small number of water pressure tested holes with grout take, there are not enough values to use a 

mean value for penetration and the water pressure test in the tunnel floor showed that the requirements were not 

met after one round of grouting. Drawing conclusions based on the results in Case 2 is far from trivial and the reader 

should keep in mind that these results clearly deviate from what has been observed as a normal behavior in the other 

fans.   

 

Figure 5-1 Approaches in calculating sufficient penetrations (Bruno 2009). 
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In Case 4 the penetration complies with the safe approach as well as the optimistic approach, since the 

increase in pumping pressure has enabled more grout to be injected into small fractures in the rock, which results in 

a long penetration. However, if the increase in pressure has led to jacking of the rock, then the calculated 

penetrations do not reflect reality as the apertures on which the calculations based were derived from water pressure 

tests. If there is a presence of jacking, the penetrations may in fact be much shorter if the apertures were increased. 

Optimistic and safe approaches for the North Link are unknown, due to the lack of data. It can simply be 

concluded that ion terms of covering the width of the sealed zone, all calculated penetrations in Case 1 (the lowest 

being 6 m) are sufficient. Based on observations in a drill plan, that was not drawn to scale, it seems highly unlikely 

t6hat a penetration of this order would not be sufficient to cover the distance in the optimistic approach. If the look-

out is neglected, then the distance using the safe approach would be roughly 20 m. To cover a distance of this order, 

the six largest penetrations (i.e. six out of nine penetrations) are sufficient.   

In terms of optimal Hole Intensity one should verify that the rock mass between the holes is being sealed. 

A great number of dead holes and a low grout take may be a reflection of good rock with few fractures or it may be a 

sign of problems in the production. Concerning the cases studied in this report it can be concluded that Cases 1 and 

4 are sufficient using all approaches to penetration, whereas Case 3 fails to meet the safe approach. Case 2 is 

sufficient if the optimistic approach is applied, and if it is considered enough to cover just half the width of the 

sealed zone then it meets that requirement as well. However, as discussed above, the data in Case 2 is unsatisfactory 

and the results are questionable. Bearing in mind that the grout rarely, if ever, travels in a straight line there may be 

good reasons to use a safe approach when deciding what penetration should be achieved. 

 
Material Intensity 

In terms of Material Intensity it stands clear that the purpose of grouting has differed greatly between the North 

Link, represented by Case 1, and the Stockholm City Line. It is clear that the material consumption which is much 

greater in Case 1, i.e. the North Link, is reflected in the Material Intensity factor. If the extent of the sealed zone 

remained within the designated five meters, then 13 percent of all voids in the rock would have been filled in this 

case, assuming 2 % porosity. In the Stockholm City Line significantly less material has been used and thus a smaller 

fraction of the pores around the tunnel have been sealed. However, the estimated apertures and the geological 

mapping suggest that assuming the same porosity for both projects may be unsuitable. If the porosity in Cases 2 to 4 

was instead lowered to 1 %, the material intensities would increase somewhat to 1.2 %, 0.23 % and 0.69 % 

respectively. Inversely, increasing the porosity decreases Material Intensity. If the porosity in Case 1 is doubled, the 

Material Intensity decreases to roughly 5 %. The porosity must be increased to 11 % for the Material Intensity in 

Case 1 to approach the order of magnitude in the Stockholm City Line. 

Table 5-1 Calculated penetrations as they compare with required penetrations using different approaches. 
Penetration 

 Calculated penetration Optimistic approach Safe approach Width of the sealed zone 

Case 1 6 Unknown Unknown 5 

Case 2 

0.5 2.5 11 6 

3.5 2.5 11 6 

18 2.5 11 6 

Case 3 7 3.5 12 6 

Case 4 18 9 12 6 
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The high Material Intensity in Case 1 is thus likely to be coupled with the execution of the grouting as well 

as the geological prerequisites. The purpose of grouting in this case permitted a higher material consumption which 

has impacted the grouting procedure. In terms of stop criteria, the fans in the Stockholm City Line would hardly 

reach these high volumes, even if the apertures became larger as grouting with w/c 0.8 is halted if the volume 

reaches 800 liters, after which the holes are grouted with w/c 0.5. The extreme scenario for one hole in the 

Stockholm City Line is 1200 liters, when 800 liters of grout with w/c 0.8 is injected and followed by the maximum 

volume of w/c 0.5 which is 400 liters. At this point grouting must come to a stop and additional holes are drilled 

adjacent to the failed hole. For the studied cases in the Stockholm City Line to reach a Material Intensity similar to 

that in the North Link there needs to be a large number of additional holes with take in a fan. In difficult settings in 

the Stockholm City Line “Grouting Concept 2” is applied which stipulates two grouting rounds (see Section 3.4 

above). Hypothetically, if all holes in Cases 2 to 4 displayed a maximum take then the total volume of material would 

have been 32.400, 36.000 and 18.000 liters respectively. Comparing these volumes with the material consumed in 

Case 1 shows that Case 4 for example must have a maximum take in all holes in order for the volume to be equally 

large as in Case 1.  

Reference is again made to Thomas Dalmalm of the STA, and emphasis is put on the attitude of the Client 

and Contractor in terms of allowing for a large material consumption to seal a difficult tunnel stretch. In terms of 

rock quality, the Q-values do not differ greatly from those mapped in the Stockholm City Line, but as Jonas Paulson 

(engineering geologist involved in both projects) states the characteristics of the fractures was very different. The 

fractures in the North Link were wider and possibly more conductive (Paulsson 2011). The difference in fracture 

characteristics combined with a pumping pressure of 5 MPa is most likely one of the main reasons why the Material 

Intensity in Case 1 by far exceeds that in Cases 2 to 4.  

Another possible reason for the discrepancy between the North Link and the Stockholm City Line 

is the water to cement ratio applied. The predominant w/c in the North link was 1.1 whereas in the Stockholm City 

Line it was 0.8. An increase in w/c leads to a large decrease in the yield stress and viscosity of the material at hand 

(Eriksson and Stille 2005). The yield stress, which acts in the opposite direction of the desired grout penetration 

poses a resistance to the grout. An increased pumping pressure in combination with a low yield stress means the 

penetration of grout into a fracture is facilitated to a great extent. It follows that more grout could ideally be pumped 

into the rock mass. 

In both projects there were two recipes. In the North Link the second recipe had a w/c of 0.7 

whereas in the Stockholm City Line it was 0.5. On the same note as for the first recipe, the yield stress increases 

significantly as the w/c is decreased (Eriksson and Stille 2005). One could suspect that grouting will come to a stop 

sooner when a low w/c grout is used in combination with a low pressure, as was the case in the Stockholm City 

Line, than if a higher w/c and pressure were used.  

 The geological characteristics, the pumping pressure and the material properties differ between the two 

projects and it follows that the material intensities differ as well. 

 

Time Intensity 

In the Stockholm City Line, grouting should come to a stop after 40 minutes of pumping, even if the stop criteria in 

terms of flow and volume are not reached. In the North Link, no such specification has been applied in the section 

studied in this report and consequently more time is spent. However, less time is wasted pumping dead holes, as 89 
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% of the holes had take in the studied fan. Table 5-25 below presents the time intensities calculated in Section 5.1 

above. 

It follows that the Time Intensity is close to ideal in the North Link, when this aspect only is taken 

into account. In the Stockholm City Line however, the rock mass is very tight and little grout is pumped into the 

rock. Many holes display no take at all, but they are still pumped for five minutes, with a flow of 0 m/s after the hole 

has been filled. In a fan such as in Case 3, where the Time Intensity is only 46 % , more than half the pumping time 

is spent achieving no sealing at all. There are 11 out of 30 holes with take in Case 3, which means that 19 holes were 

pumped in vain. If 5 minutes are spent on each hole, waiting for the flow criteria to be met (i.e. less than 1 l/min 

during five consecutive minutes), then 95 minutes are spent waiting. If the operator on the other hand was allowed 

to identify a dead hole already after, say, one minute if the flow is zero under a steady overpressure, then only 19 

minutes would be wasted. As the flow requirement is a measure of precaution, allowing for just one minute to judge 

whether a hole is dead or not may be a bit too opportunistic. If a criterion is instead set to 3 minutes with no flow 

and a steady overpressure corresponding to the stop pressure, these 19 dead holes had consumed 57 minutes which 

is roughly half an hour less. 

One may discuss the effects of cutting down the pumping time in an area where there are tight rock 

conditions and a low estimated grout take. Magnus Eriksson, one of the experts involved in bringing forward the 

grouting concepts in the Stockholm City Line, emphasizes the need for grouting to take time in this type of 

conditions. The fractures that should be sealed are very small, and result in a low flow (Eriksson 2011). Thus, the 

benefits of reducing pumping time may not be large enough to risk a less successful grouting. 

In terms of time consumption, the main gain is achieved by identifying areas where grouting is not 

necessary at all. For example, the optimal time in Case 4 was calculated to just below six hours. Bearing in mind that 

this is just the pumping time, the time required to get all the equipment in place and drilling the holes is added to 

this. Dalmalm has compared the sealing time in various projects and for the South Link, which is a road tunnel in the 

Stockholm area, he presents a figure of 7-9 hours for drilling 32 holes (20 m long), and an additional 1 to 2 hours to 

clean them. No specific timing of the procedure in the Stockholm City Line has been performed but based on visits 

to the site it seems as though the set-up time is quite significant. In Case 4, all but one hole met the requirement of 

0.2 Lu during the water pressure test. Furthermore, Gustafson (2009) states that grouting cannot be considered 

successful if the conductivity is not decreased more than ten times. In Case 4, the conductivity is decreased from 

9.810
-9 to 3.910

-9, which is not enough to prove that grouting has had any effect at all. In light of this, one may say that 

by avoiding grouting in this fan, six hours are saved and the optimal time consumption is not six but zero hours. 

However, when such low initial conductivities are to be sealed, the difference can be much lower for the grouting to 

still be producing some effect. The experience from the Stockholm City Line indicates Gustafson’s statement may be 

too stringent for this type of surrounding, claims Österlund (2011). 

Furthermore, as previously discussed, Eriksson (2011) points out the difficulty from a production 

point of view to refrain from grouting and thus it must be evaluated whether the benefit of grouting less is indeed a 

benefit to the production as a whole. 

Table 5-25 Time Intensity in the four studied cases 
Time Intensity 

 Case 1 Case 2 Case 3 Case 4 

Time Intensity 99 % 73 % 46 % 98 % 
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5.2.2 Ingress and sealing effect 

Ingress 

The calculations of ingress in this report are based on the assumption that 

the tunnel is a continuum, which in itself is a significant assumption as it 

the characteristics of the rock mass along a tunnel stretch is 

inhomogeneous and anisotropic. The calculations here below are 

calculated for a fictive 100 meter stretch along which the same 

prerequisites prevail as in the fans from which the data is sampled. 

First of all, when calculating the ingress into a tunnel one must 

consider whether the tunnel is shallowly or deeply located. A tunnel at a 

depth of 20 meters is considered at a shallow depth, approximately one can 

consider a location as shallow if it is less than ten times the tunnel radius 

(Eriksson and Stille 2005). This means that all cases in this report are 

located at a shallow depth and the ingress is calculated using Equation 5-9 

as the impact of the hydraulic head cannot be omitted. The geometry factor, G, varies according to Equations 5-10 

and 5-11, depending on whether the tunnel is grouted or not. Figure 5-10 illustrates some of the variables used in 

these equations. K is the hydraulic conductivity in the undisturbed state. For concepts 2, 3 and 4 the conductivity 

measured in the inspection holes after grouting is used to determine the conductivity after grouting Kg. For Case 1 it 

is derived from the requirements set for Sealing Class 2, as it is assumed to have reached these. The parameter t 

represents the width of the sealed zone, and will be set to the required extent which is 5 meters for Case 1 and 6 

meters for Cases 2 to 4.  

As the skin factor, , is determined empirically and encompasses a significant insecurity it will be varied 

between 2 and 5 which are the standard values for the skin factor. It will then be visible how the skin factor affects 

the calculations. It can be noted that in the design of the grouting concepts in The Stockholm City Line (WSP 2008) 

it was set to 2.  

Ingres into a tunnel:    
         

 
 Equation 5-9 

 

Geometry factor for ungrouted 
tunnels:     

  

 
   Equation 5-10 

 

Geometry factor for grouted 
tunnels: 

    
  

 
  

 

  
      

    

 
    Equation 5-11 

 

Table 5-26 below present the parameters used in calculating the ingress and Table 5-27 presents the calculated 

ingress using different skin factors. As the skin factor increases, the ingress decreases both before and after grouting. 

 

 

 

 

Figure 5-10 Variables used in 

calculating ingress into a tunnel 

(Eriksson and Stille 2005). 
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Table 5-26 Parameters used in calculating the ingress before and after grouting, except for the skin factor which is 

varied according to Table 5-27 below. 

Ingress parameters 

 

Qreq [m
3
/s per 100 m] K Ki delta K h L t 

Case 1 4,17E-05 3,16E-07 2,00E-09 3,14E-07 30 100 5 

Case 2  6,00E-05 3.85E-08 2.40E-08 1,12E-08 32 100 6 

Case 3  6,00E-05 7,69E-09 3,87E-09 3,82E-09 21 100 6 

Case 4 6,00E-05 9,81E-09 3,91E-09 5,90E-09 21 100 6 

 

Table 5-27 Ingress before and after grouting using different skin factors (2-5)  

Ingress before and after grouting 

 
Q before grouting [m3/s per 100 m] Q after grouting [m3/s per 100 m] 

Skin factor 2 3 4 5 2 3 4 5 

Case 1* 1,41E-03 1,14E-03 9,57E-04 8,25E-04 6,35E-05 6,28E-05 6,22E-05 6,15E-05 

Case 2 1,96E-04 1,58E-04 1,32E-04 1,14E-04 1,86E-04 1,51E-04 1,28E-04 1,10E-04 

Case 3 2,55E-05 2,04E-05 1,70E-05 1,45E-05 2,17E-05 1,79E-05 1,52E-05 1,32E-05 

Case 4 3,25E-05 2,60E-05 2,16E-05 1,85E-05 2,56E-05 2,14E-05 1,84E-05 1,61E-05 

* There are no conductivity measurements after grouting for Case 1, and thus the ingress after grouting is set to meet 

the requirement of 2.5 liters per minute per 100 meter tunnel. 

Sealing effect 

Using the calculated ingress, based on the data from the water pressure tests, the sealing effect in the different cases 

can be estimated through Equation 5-12 below. 

                    
           

  
     Equation 5-12 

Table 5-28  and Figure 5-11 below show how the sealing effect varies with the skin factor which has a significant 

impact on the ingress into a tunnel before grouting. It also affects the ingress after grouting, but to a lesser extent 

(Eriksson and Stille 2005). As the skin factor increases, the ingress decreases which in turn leads to the ingress before 

grouting approaching the ingress after grouting thus yielding a lower sealing effect.  

 

Table 5-28 Calculated sealing effect for the four cases using skin factors between 2 and 5. 

Sealing effect, using different skin factors 

Skin factor 2 3 4 5 

Case 1 95% 94% 94% 93% 

Case 2 8% 6% 5% 5% 

Case 3 15% 12% 11% 9% 

Case 4 21% 18% 15% 13% 
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Figure 5-11 Variation in sealing effect for the four cases using skin factors from 2 to 5 plotted on the logarithmic y-
axis.  

Overall the sealing effect in Stockholm City line, i.e. cases 2 to 4, is quite low. This could be a sign of 

unsatisfactory grouting, but it should be noted that it can also be a symptom of the conditions that prevailed before 

grouting, i.e. the rock mass was already very tight. The conductivity before grouting in Case 2 was 410
-8, in Case 3 it 

was 7,6910
-9 and in Case 4 810

-9. In fact, the ingress before grouting in these cases was already lower than the 

requirement of 3.6 liters per minute per 100 meters. The specific requirements in terms of water pressure tests in 

these cases was 0.2 Lugeon, a value that is so low it can be questioned whether it is testable or not. The accuracy of a 

water pressure test is very important if such a small value is to be detected. Moreover, Houlsby states that “Lugeon 

values should never be given to a decimal place” and thus “values less than 1should be rounded up to 1” (Houlsby 

1990, p. 219). If this were the case in the Stockholm City Line, the specific requirement in any individual fan would 

be 1 Lu, and grouting would not be necessary in any of the fans studied in this report. Although there is a small 

sealing effect in Cases 3 and 4, indicating that the grouting has had an impact on the tightness of the tunnel, as the 

values are so low prior to grouting one may question whether any grouting is necessary at all. In such a situation the 

measures of precaution will be but in relation to the possible economic benefits of grouting less. Stille et. al. write 

that tunneling projects such as the North Link and Stockholm City Line always deal with multiple objectives, which 

include “maximizing profit, minimizing construction costs, minimizing construction time, minimizing life-cycle 

costs, avoiding “bad-will” events etc.” (Stille, Andersson and Olsson 2003). In this case, grouting less would indeed 

minimize the construction costs and the construction time, but it could also be argued that it increases the risk of 

“bad-will events” occurring, as well as a decrease in efficiency regarding functional and environmental targets. 

Further on in this analysis it will be discussed how much material, time and money that if grouting is done to a lesser 

extent when such tight conditions are present.  

On the other hand, looking at Case 2, the ingress after grouting is slightly higher than the required 3.6 liters 

per minute per 100 meter of tunnel. In terms of the Lugeon requirement, which was 0.3 in this case, the water 

pressure tests showed that a significant number of holes did not reach this prior to grouting and based on this 

requirement grouting was necessary. It should be added that the conductivities before grouting are only measured in 

the roof of the tunnel, and not in the floor, where the highest conductivities after grouting were encountered. 

Measurements in the floor as well prior to grouting could have shown a higher initial conductivity thus giving an 

increase in sealing effect. After the second round of water pressure tests however, no further grouting was needed in 

1% 

10% 

100% 

2 3 4 5 

Skin factor 

Case 1 

Case 2 

Case 3 

Case 4 
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the roof of the tunnel as the measured Lugeon values met the requirements. The floor of the tunnel was considered 

sealable by grouting the inspection hole only. No further testing was done to verify the Lugeon values in the floor 

after grouting the inspection holes.  

For Case 1, where there are no measurements of the conductivity after grouting, this parameter has been 

set to comply with the requirements. This explains the high sealing effect, which if the grouting was performed 

successfully will have been reached. 

If the sealing effect is instead calculated based only on the measured conductivities from the water pressure 

tests, then the following figures are obtained: 

 Case 2: 38 % 

 Case 3: 50% 

 Case 4: 60% 

It follows that Case 2 still has the lowest sealing effect, but using the conductivities instead of the calculated values 

for ingress has at least increased the effect to a more acceptable level. It should once more be pointed out though, 

that sealing a rock mass to such a low conductivity as has been done in Cases 2 to 4 is very difficult. There is in this 

case a point in looking at both the relative measurement which is sealing effect as well as the absolute measurement, 

which is the achieved conductivity (Eriksson and Stille 2005). Returning to the requirements for the Stockholm City 

Line’s second segment and comparing this to the measured conductivities before and after grouting may provide a 

further insight into the efficiency of the grouting. The site-specific requirements in the fans were 0.3 Lu for Case 2 

and 0.2 Lu for Cases 3 and 4. Multiplied by 1.610
-7 gives the conductivities presented in Table 5-29 below. Figure 

5-12 further emphasizes what has already been discussed below, that as a whole the requirements were already met 

before grouting in all three cases. However, the conductivities used for these calculations are mean values, and as 

discussed above, some holes in each fan exceeded the requirements. 

Magnus Eriksson, one of the designers of the original grouting concepts in the Stockholm City Line states 

that it is possible in a case similar to this to refrain from grouting, but that in terms of production it is often more 

efficient to plan for continuous pre-grouting even though it will be unnecessary in sections where the rock is tight. 

However, one should keep in mind that it is fully natural that in such conditions the grout take will be very low, 

which is not to be regarded as a failure. Increasing the pumping pressure could be counterproductive even if more 

material is injected into the rock. If the high pressure jacks the rock there is a risk that the rock becomes less sealed 

as a result of new conductive fractures having been created (Eriksson 2011). As has been discussed before, there is 

an ongoing debate about whether jacking the rock is beneficial to grouting or not. Reference for further reading is 

made to Gothäll (2009) who has worked on the consequences of grouting pressures on the stability of the fractures 

in a rock mass and the consequences of heaving and jacking.  

Table 5-29 required conductivity in the three cases in the Stockholm City Line and the measured conductivities 
before and after grouting. 

Absolute measurements 

 

Case 2 Case 3 Case 4 

Requirement 4,80E-08 3,20E-08 3,20E-08 

k0 3,85E-08 7,69E-09 9,81E-09 

kg 2,40E-08 3,87E-09 3,91E-09 
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Figure 5-12 Measured conductivities plotted in a histogram with the requirement is represented by the line. 

 

 

Figure 5-13 Conductivity measured before grouting in all 15 grouting holes in fan 32+335 and the conductivity after 

grouting measured in 11 inspection holes. 
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5.2.3 Efficiency of the procedure in the four cases using intensities 

It is tempting to look at the achieved intensities and make a judgment concerning the efficiency in the various 

cases, but as has been discussed before many factors affect the efficiency of the grouting. The penetration should be 

sufficient so that the sealed zone is covered as well as the distance between the bore holes. However, the penetration 

should not exceed the requirements by too much as it will lead to a waste of time and material. No dead holes should 

be drilled, i.e. the fan should be optimized for the setting. Pumping should go on for enough time to enable take in 

small fractures, but not too long so that valuable time is wasted. The pumping pressure should enable penetration 

but not jack the rock, at least not too much and so forth. Clearly it is hard to pass a judgment and it should be noted 

that the following concerns only the parameters Hole, Material and Time Intensity. 

 The main factor in Hole Intensity is how well the execution correlates with the optimal scenario. In this 

aspect the most efficient scenario was that of Case 1 using penetration I1, i.e. the shortest penetration generated by 

the largest calculated aperture, i.e. 146 µm. Case 3, where the execution Hole Intensity reached 80% of the optimum, 

was also fairly compliant with the optimal scenario. The largest discrepancies from the optimal scenario are found in 

the cases where there are extremes in terms of penetration. The six longest penetrations in Case 1 reach only up to 

5% of the optimal Hole Intensity. Inversely, the shortest penetration out of the three calculated in Case 2 exceeds 

the optimal Hole Intensity by 22 times. The explanation for this is that the calculated sealed zone in the execution 

scenario is based to such an significant degree on the penetration, which means that a very short penetration 

generates an disproportionally  small sealed zone and vice versa. The simple assumption that the grout spread begins 

at the tunnel wall and propagates radially outwards does not hold in these scenarios. Furthermore, in cases of long 

penetrations, a multiplier which accounts for the serpentine route of the grout is needed for a realistic approximation 

of the grouted zone. If the six longest penetrations in Case 1 actually spread along a straight path, then grout would 

have emerged from the surface. One cannot simply say that grouting in case 1 is inefficient because of the poor 

correspondence with the optimal scenario, but the figures do however reflect a grouting case where much grout is 

consumed generating penetrations that may be exaggerated. Reaching such discrepancies with the optimum as in the 

majority of penetrations in Case 1, and the shortest in Case 2 do however signal that there are grounds for further 

investigations concerning the efficiency of grouting in these two cases. Most importantly however, concerning Case 

1, is to point out the large spread of outcomes when apertures need to be generalized from boreholes in the vicinity 

and not from grouting or inspection holes in the actual studied fans. As regards Case 2, the problem is similar as the 

three calculated penetrations vary significantly, which generates a range of discrepancy factors from 19% to 2237%. 

Such a result suggests that the Hole Intensity parameter may not be suitable for this grouting case, or that there are 

problems with the grouting. 

 Concerning how well the design corresponds with the resulting optimal Hole Intensity is a measurement of 

how many holes that are drilled in relation to how many of these that generate some grout take and contribute to the 

sealed zone. Cases 1 and 4 are clearly the most efficient in this respect where the Hole Intensity constitutes 112 and 

107 % percent of the optimum respectively. The design hole intensities in cases 2 and 3 are double and nearly triple 

the optimal respectively. However, although this is in a way a measurement of efficiency, it does not take into 

consideration the resulting sealing effect. If the sealing effect can be verified as satisfactory then this measurement 

may be quite useful as a means to evaluate the design of a grouting concept. 

 In terms of Material Intensity, Case 1 fills the greatest volume of voids which is to be expected based on 

the large volumes of grout that were used during grouting. The three cases from the Stockholm City Line all show 

fairly similar material intensities. In this respect, it seems that the differences in grouting procedure and purpose of 
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grouting have had a significant impact on the Material Intensity. Whether a certain Material Intensity can be 

considered more efficient than another is not possible to say. For example, Eriksson states that it is a fundamental 

misconception to simply assume that a low material consumption is equivalent with inefficient grouting. A low 

material consumption is natural and should be expected in presence of fractures with small apertures. In his view it is 

important to point out that amount of grout is in itself not important and that at times operators over-grout in order 

to show clear results (Eriksson 2011). 

The Time Intensity calculations show that Case 1 is the most efficient as it pumps only holes with take. 

However, the time consumption as a whole is far greater in Case 1 than in the other cases, and a real time grouting 

analysis could have shown whether too much time is in fact spent or not. Time efficient is thus a very simple 

measurement and cannot be said to give a full picture of the efficiency in a set case. Considering the fans in the 

Stockholm City Line on the other hand, Time Intensity may be useful as it illustrates how many holes were fruitlessly 

pumped in Cases 2 and 3.  

Furthermore, it should be added to the discussion of efficiency that in the Stockholm City Line, specifically the 

Vasa tunnel and Odenplan station where the studied fans are located, the grouting operators would in some respects 

benefit from more experience. This means that the need for proper instructions and clear communication is 

increasingly important. For example, if the instructions concerning how to perform a water pressure test contain 

type-o’s or misconceptions the operator is not likely to detect this as he/she doesn’t have any previous experience. It 

follows that the guidelines must be taken notice of and checked regularly so that all up-to-date information is 

properly transferred from the Client’s office to the operator of the MGU. Furthermore, instructions on how to 

handle deviations from the normal grouting routine should be given to the operator in a clear and understandable 

way. The MGU in the Vasa tunnel is to a high degree automatic and shuts off by itself when certain pre-inserted 

criteria are reached. However, this concerns only the stop criteria of maximum volume and minimum flow. In terms 

of reaching the stop pressure, if this is to be maintained as a separate stop criteria, the operator should be instructed 

to stop the grouting manually when a stable stop pressure has been reached, and not wait until one more criteria is 

reached (usually the minimum flow criteria). The Contractor has made a decision to replace the short-term 

employees with long-term staff as operators of the MGU, to ensure some consistency in the work. This provides an 

ideal situation for verifying that the operator on site has all the necessary instructions, which in the long term is most 

likely to increase the efficiency of the grouting.  
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6 DISCUSSION  

6.1 Compliance with requirements 

Case 1 is believed to meet the environmental requirements. However, whether there has been extensive post-

grouting or not remains unknown. There is no available drip mapping in the studied area, but as it is covered with a 

lining the functional requirements are most likely met as well. Discussions with former employees in this tunnel 

support the belief that both environmental and functional requirements are met in this case. 

 In Cases 3 and 4 the site-specific required Lugeon values are met as proven by water pressure tests after 

one round of grouting. As has been discussed before, many of the tested holes met the requirements even before 

grouting had begun. 

 Case 2 proved more difficult to assess since the water pressure tests after one round of grouting did not 

meet the stipulated 0.3 Lu requirement at one instance. Whether it was met after grouting the five inspection holes, 

out of which there was a significant take in the hole that exceeded 0.3 Lu, has not been proven. 

 At the point in time when this report was written, there were no indications of the overall ingress limits 

being exceeded. Hence, the environmental requirements are assumed to be met in all three cases studied in the 

Stockholm City Line. 

 For the purpose of this report only, a rough drip mapping has been undertaken in the areas concerned by 

the three studied fans in order to assess the compliance with the functional requirements. It is clear that the two fans 

in the Service tunnel, Cases 3 and 4, display a much tighter result than fan 32+072 in the Main tunnel, i.e. Case 2, 

where there is significant drip from both the tunnel walls and roof. Whether there is ingress coming from the tunnel 

floor is not discernible, but will be reflected in the levels of the measuring dams. Roughly there is a need to drip seal 

one or two small water bearing fractures in Cases 3 and 4, whilst in Case 2 there is a need for either post-grouting of 

the roof and walls or covering the sides that can impact the function of the finished tunnel with drainage.  

6.2 Reliability of the field results 

A major insecurity concerning the field results is that the grouting itself has not been supervised. Thus, there is 

source of error in the interpretation of the grouting protocols. The accuracy of the interpretations is evidently much 

higher as far as what concerns the Stockholm City Line. However, in the protocols from the Stockholm City Line 

the comments from the operator are scarce and there may be a risk of connections not being recorded. The large 

number of holes without grout take suggests that there may have been unrecorded connections. Supervisions and 

visits on site during grouting and water pressure testing have given an indication that there may be several mistakes 

during grouting that are not explicitly documented in the protocols, such as leaking packers and  re grouting of holes 

that have deviating behavior. It is thus possible that such things could have been missing in the protocols concerning 

the studied fans. Furthermore there are no records of plugging occurring in any holes, which is not to say that the 

absence of such behavior has been proven. 

 Concerning the North Link, there are a number of insecurities as the personnel that performed the grouting 

was not contacted. The construction management cannot be expected to remember every grouted fan and thus some 

assumptions have been made concerning certain notations in the grouting protocols, these assumptions have 

however been verified by the industrial supervisors of this report. A large source of error concerning the North Link 

is the fact that the apertures are calculated based on water pressure tests in core boreholes that are not located within 
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the studied section, but adjacent to its western end. Whether the hydrogeological conditions are the same in the fan 

which was the focus of Case 1 remains unknown. 

 Furthermore, the stop criteria applied in each hole is not stated clearly in the protocols and therefore 

assumptions are made based on the recorded pressure, flow and volume in each case which may not necessarily be 

correct in all cases. The results of the water pressure tests as a source of error is discussed below. 

6.3 Limitations of the conceptual model 

One of the assumptions in the conceptual model is that the results of water pressure tests are accurate and 

trustworthy. This assumption is essential to the approach for assessing the grouting results applied in this report. 

However, it comprises a considerable insecurity. If the water pressure test is faulty, then the resulting Lugeon value 

will be as well. This in turn leads to apertures that are not representative of the rock mass as well as sealing effects 

that do not reflect reality. Fan 32+099, which is the fan directly east of fan 32+072 which was the focus of Case 2, 

had to be eliminated from this report as there appeared to be too large insecurities in the water pressure tests. Ideally 

a water pressure test should be performed during 5 minutes while applying a steady pressure of 10 bar over the 

ground water pressure at the site. After grouting in this fan however, the test was in inspection holes during 15 

minutes with a pressure of 3 bar. As a result, the Lugeon values by far exceeded the values retrieved before grouting 

and showed results that were much greater than the required 0.3. No additional grouting round was ordered in this 

fan however, which was simply the result of the Contractor making a mistake when calculating the Lugeon value. 

The pressure was set in bar instead of MPa which decreased the value by a factor of ten, with the outcome that the 

tested holes met the requirement, when in fact they did not. The values taken into account in this report have been 

calculated independently of the Contractor and Client in all four cases, but the insecurity regarding the performance 

of the tests remains. Furthermore the tests are only performed once per hole, and the accuracy increases if it is 

instead repeated. For example, an individual hole could be tested three times which would then produce an average 

value.  

 The conceptual model assumes that all pressures, in water pressure tests and during grouting, have been 

corrected for the hydrostatic head between the tunnel and the ground water surface. However, when observing the 

grouting and water pressure testing in the Stockholm City Line it became clear that this is not the case. Whether the 

recorded pressures in the protocols from the North link have been corrected is unknown. If the tunnel is located 30 

meters below the ground water table, then the hydrostatic head is 30 meters which is approximately 3 bar. In terms 

of grouting, this is perhaps not so significant, but when a water pressure test is performed in order to study the 

compliance with a low Lugeon value such as 0.2 or 0.3, this makes a certain difference. For example, in fan 32+323, 

the tunnel is located at a depth of 21 meters and if the ground water table coincides with the ground surface, which 

is indicated by the construction documents, then the hydrostatic head imposes a pressure of 2 bar. If this is 

subtracted from the pumping pressure the resulting Lugeon values increase somewhat, but no more holes exceed the 

requirement than in the calculation where there was no correction. In fan 32+072, which was located at a depth of 

30 meters however, there is a significant difference. Table 6-1 below shows how the resulting Lugeon values vary 

with and without the correction for hydrostatic head. Without the correction, five out of the nine tested holes 

exceeded the required 0.3 Lu, whereas with the correction seven holes exceeded it. The increase in Lugeon values 

affects the penetration, and reduces it by as much as 1.3 meters at its highest. Thus, the correction for hydraulic head 

is important for the accuracy of calculated penetrations and thus decreases the accuracy of the penetrations 

calculated in this report. The longer the penetration, the larger the impact of the correction for hydraulic head. The 
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shortest penetration in fan 32+072 is only decreased by two centimeters. The missing correction for hydraulic head 

thus affects the calculated penetrations only in the sense that the calculated apertures from the water pressure tests 

become slightly smaller which generates slightly longer penetrations. Furthermore, there was a lack of more detailed 

information, specifically P-Q graphs, which was an obstacle in refining the calculations of penetration.  

Another important assumption in the conceptual model is that the sealed zone is homogenous and of 

constant width. This is a noteworthy simplification since in reality the penetration differs greatly over the fan. Figure 

6-1 shows a simulation of what the sealed zone could look like if the calculated penetrations in fan 32+335 are used. 

Furthermore, the grout does not as a rule spread radially out from the tunnel in a straight line, but rather in a 

serpentine route which could be accounted for by defining a multiplier to the calculated penetrations. Such an effort 

would significantly improve the accuracy of the calculated sealed zones around the tunnels. 

 

 
Figure 6-1 Simulated extent of the sealed zone around the tunnel based on calculated penetrations from fans 32+335 
(left) and 32+323 (center) as compared to the conceptual model (right). 

 

 

In addition the grout does not occur in just two dimensions everywhere around the tunnel. In each hole it is likely 

that the dimensionality of the grout varies over time.  

Table 6-1 Resulting Lugeon values if calculated with and without corrections for hydrostatic head during the water 
pressure tests in fan 32+072, i.e. Case 2.  

Hole 
Lugeon value 

Lugeon value, corrected for hydrostatic 

head 

G1OW 0,349 0,487 

G11W 0,975 1,533 

G12W 0,504 0,764 

G13W 0,361 0,527 

G14W 0,263 0,341 

G6W 0,211 0,254 

G7W 0,171 0,237 

G8W 0,235 0,308 

G9W 0,394 0,620 
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 During a visit to the site after blasting exposed grouted holes were observed on the tunnel walls, as shown 

in Figure 6-2. This is indication that drilling is not at all times performed perfectly, which affects the extent of the 

sealed zone around the tunnel.  

 

6.4 Consequences of the material choice 

The material at hand in this report is Rheocem 650 with 2% addition of Rheobuild 1000 which is a plasticizer. The 

aperture boundaries of this material are 46 µm at its minimum and 88 µm at its critical limit. In the North link, i.e. 

Case 1 in this report, the apertures estimated from water pressure tests to a significant degree exceed the critical limit. 

It may thus be questionable, from that point of view alone, whether this material was ideal for that geological setting. 

Inversely many of the apertures in the Stockholm City Line, i.e. Cases 2 to 4, were smaller than the minimum 

boundary.  

Further studies concerning the material choice in these cases will have to show whether this factor is 

important to the grouting results or not. It could be investigated whether this is perhaps a reason for the large grout 

consumption in Case 1. Eriksson states that the penetrability is merely one of many factors involved in choosing the 

right material for grouting, and that fractures with large apertures tend to be more successfully sealed with a thicker 

mix with higher shear stress and thus this can be governing for the choice of mixture, rather than bmin and bcritical 

(Eriksson 2011).  

 

 

Figure 6-2 Exposed grout on the tunnel wall in the Stockholm City Line (STA, 2011). 
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6.5 Future work 

To improve the result of this report, and to further optimize grouting many things can be done and much research 

undertaken. Amongst others the following factors and reflections have come up during the course of this project: 

 The capacity of the MWD method in grouting could be studied further. Could and increased sensitivity of 

the MWD in order to detect even small water bearing fractures be useful in the active design of grouting? 

How much time is efficient to devote on deeper analyses of the MWD data and what could be gained from 

it? 

 Further development and application of RTGC or similar aids for the operator to clarify when grouting 

should come to a stop.  

 Studies from a production point of view of when it is beneficial to the production to refrain from grouting 

 Further studies concerning the behavior of the grout within the rock mass and the dimensionality of 

fractures. Could 3D-models be developed in order to improve the visualization of rocks and improve 

predictions of grout take? 

 Further studies on the suitability of Hole Intensity as an aid in estimating future grouting costs. 

 Development of a multiplier which accounts for the serpentine route of the grout penetration in order to 

improve estimations of the achieved sealed zone after grouting as an input in the hole and Material 

Intensity concepts. 

 Refinement of the Time Intensity concept using RTGC which takes into account the time spent over-

grouting holes. 

 In terms of theoretical estimations further studies could be devoted to developing ingress calculations that 

do not involve the skin factor, or where the skin factor is clearly analytically derived, in order decrease 

uncertainties when grouting concepts are designed and evaluated. 

 Clarifications of what effect hydro-jacking has on production would be desirable. Experts differ on this 

question at the moment which obstructs the spread of knowledge from research to production. 

Furthermore, future work for the academic community could involve increasing knowledge and raising awareness of 

theories of grout spread so that active design can involve personnel who knows how to calculate penetrations and 

estimate suitable adaptations to fan geometries based both on theories and empirical know-how. 

The term “production friendly grouting” appears in, amongst other places, the design of the grouting concepts 

in the Stockholm City Line. Together with the term “active design”, this gives a lot of room for construction 

managers to adapt grouting based on in-situ conditions. Based on the inhomogeneous and anisotropic nature of a 

rock mass, and the irrationality of performing infinite series of tests in preparatory works, there seems to be a 

consensus concerning this aspect as essential to successful grouting. However, in the literature the research 

community points out the lack of theoretical proficiency in the field as a limiting factor in improving grouting 

procedures. Studying the gap between research and practice, or rather a study of how information is transmitted 

throughout hierarchies, from preparatory studies to operation, would shed more light on the grouting results in large 

scale tunneling projects such as the Stockholm City Line and the North Link. 

The concepts Hole, Material and Time Intensity are not widely used and if more research is undertaken to 

refine these concepts they could prove fruitful as parameters for comparisons and predictions. 
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6.6 Conclusion  

6.6.1 Concerning the concepts 

In this report the concepts Hole Intensity, Material Intensity and Time Intensity are used in four grouting cases. As 

these are new concepts, it is suitable to attempt to draw some conclusions concerning their usefulness.  

First of all, Hole Intensity appears useful when comparing grouting results in three ways: 

a) How execution corresponds to design within a project 

b) How optimal intensities differ between projects 

c) How the execution and design deviate from the optimal scenario, within or between projects 

However, within the Hole Intensity concept the following are, amongst others, not taken into consideration: 

I. Sealing effect 

II. Fan geometry 

These two aspects need to be analyzed separately in order to fully evaluate the optimal Hole Intensity and provide a 

larger picture of the project at hand. 

It follows that the question arises of whether there is a use for Hole Intensity as a resource in new projects. 

Further studies will need to be undertaken to fully answer this question, but if a project is to be carried out in the 

same geological setting, using the same equipment, material and grouting procedure, then Hole Intensity could be 

used to e.g. estimate the number of holes needed in a fan and thus predict coming costs and facilitate planning. In 

such a case the following variables must be known (or at least estimated beforehand): 

 Required extent/width of the sealed zone 

 The tunnel cross section 

 The porosity of the rock mass 

 A desired Hole Intensity 

 The diameter of the drill core that is to be used 

If the above variables are known, then calculating the number of holes required is easy, by rearranging the formula 

for Hole Intensity, Equation 7-1, in the following way expressed by Equation 7-2. 

 

Hole Intensity (HI)    
      
      

 
                
                  

 Equation 7-1 

 

 

If previous successful experiences in similar conditions have given a suitable Hole Intensity of for example 0.2 %, 

then this number can be used a starting point for estimating the number of holes required. If the area of pores 

around the tunnel that is to be designed is 20 m2, and if the drill core used has a diameter of 60 mm then the number 

of holes required is approximately 14. As drilling holes is a time consuming task which costs money, estimating the 

number of holes based on a known Hole Intensity may be a useful tool for estimating the coming costs. 

 Secondly, Material Intensity gives a measure of how much material that has filled the porous space around 

the tunnel. It provides a tool for illustrating the difference in grout consumption between projects. If material 

            
         

     
 Equation 7-2 
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intensities are recorded for several fans in similar geological settings it may be possible to estimate future grout 

consumptions. It could also be used as a guideline to follow up the material consumption during grouting, as an aid 

in active design. However, at least one necessary modification must be performed for it to be fully useful, that is  

accounting for the proportion of grout that remains within the sealed zone. Once this problem has been solved, data 

can be gathered from several projects in order to get a sense of proportion on what a reasonable Material Intensity 

should be, and to find some sort of reference point. 

 Lastly, Time Intensity describes how much time that is spent pumping holes without take, i.e. holes that do 

not contribute to sealing the zone around the tunnel. It is a rough measure of how efficiently the pumping time is 

spent. This parameter has a major flaw in that it does not consider what suitable grouting times really are, and may 

signal that a project is efficient when in fact it is not. Studies using RTGC or similar approaches are needed to 

estimate what efficient grouting times in given situations are. In its present form, Time Intensity, if used carelessly 

could in fact be misleading and counterproductive. Hence it is not recommended that it is used unless modified 

significantly. 

 

6.6.2 Concerning the four studied cases 

Case 1, i.e. fan 3/355 in the North Link is characterized by large grout volumes and long pumping times. This 

appears to have been a difficult segment of the North Link, and it is likely to assume that the apertures present when 

grouting greatly exceeded those of the core drill holes. If the present apertures resemble the largest ones in the core 

drill holes, then a sealed zone of six meters has been achieved around the tunnel, filling roughly 13 percent of the 

voids in the surrounding rock mass, if the assumptions of the Material Intensity concept are applied. Nine possible 

penetrations were calculated for Case 1 generating a wide range of hole intensities. The largest apertures generated 

intensities that correlated fairly well with the optimal scenario, i.e. approximately 60 to 90 % of the optimal Hole 

Intensity. The smaller apertures however generated hole intensities that deviated greatly from the optimal Hole 

Intensity. Due to the high percentage of holes that generated take the designed Hole Intensity correlated well with 

the optimal scenario, which was also the case concerning the Time Intensity. The optimal Hole Intensity must 

however be rejected for this case as the porosity assumption, 2 %, appears to be faulty.  

The standard execution in the track tunnel of the Stockholm City Line, i.e. Case 2, represented by fan 32+072 

displayed a low sealing effect combined with large variations in Hole Intensity. It was only possible to calculate 

penetration in three holes, which differed greatly. Only 13 holes displayed take in this fan, and as the Hole Intensity 

figures suggest, there may be grounds for suspicion on whether the number of applied holes was actually the 

optimal. It is difficult to determine what effect grouting has had on this fan, considering the low sealing effect and 

the observed drip from the roof and walls after grouting. Furthermore, inspection holes suggest that requirements 

were not met after the first round of grouting, and consequently more holes should have been considered in the 

calculation of optimal Hole Intensity. The data displays too much ambiguity and the optimal Hole Intensity is 

rejected for Case 2. The Material Intensity calculations showed that roughly 2 % of the voids in the designed sealed 

zone around the tunnel were filled with grout. The Time Intensity reached 73 % as 14 out of 27 holes did not 

generate any grout take. 

The standard execution in the service tunnel of the Stockholm City Line, i.e. Case 3, represented by fan 32+323 

illustrated a scenario where the rock mass was very tight and very little grout was injected into the rock as a result of 

the small volume, the Material Intensity was only 0.1%, which was the lowest out of the four studied cases. 

Furthermore, merely 11 holes displayed some take during grouting. The requirements concerning ingress were met 
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even before grouting the fan, and although the sealing effect is low the requirements are clearly met in this fan based 

on the results of the water pressure tests. In terms of Hole Intensity, the execution correlated well with the optimal 

scenario. Results of water pressure tests in inspection holes as well as observations show that grouting in Case 3 was 

successful and the optimal Hole Intensity is accepted for this case. 19 out of 30 holes did not generate any take 

which resulted in the lowest Time Intensity in the four studied cases, namely 46% meaning that the majority of the 

grouting time was spent pumping holes without take. 

Case 4 represented a modified execution in the service tunnel of the Stockholm City Line. The number of 

grouting holes was reduced to 15 and the pumping pressure was raised from 20 to 30 bar. As a result, 14 out of 15 

holes displayed some take. Out of the three cases in the Stockholm City Line, Case 4 also showed the highest sealing 

effect, with by far the lowest number of pumped holes. With regards to Hole Intensity, the design correlated well 

with the optimal scenario, whilst the execution reached roughly 50 % of the optimum as a consequence of long 

penetrations. The optimal scenario in this case holds. The material consumption was slightly higher than in Case 3, 

possibly as a result of an increase in grouting pressure, which generated a Material Intensity of 0.3%. Out of the three 

cases in the Stockholm city line case 4 had the highest Time Intensity, of 98%, as 14 out of 15 holes generated some 

grout take. 

 Concerning the optimal hole intensities, it is found that a value around 0.2 to 0.3 is ideal for the segment of 

the Stockholm City Line composed of fans 32+323 and 32+335. Further studies will have to show whether this 

value holds over a larger segment as well. 

6.7 Recommendations 

6.7.1 On how to incorporate Hole Intensity 

A rough measure of the extent of the sealed zone is the cross section at the bottom of the fan subtracted by the 

cross section at the top of the fan. This data is given in the drill plans and a rough area of the sealed zone is easily 

calculated. In the drill plan the number of holes and their length is also stated. The standard diameter of the drill core 

is 54 mm which together with the porosity are the only parameters not presented in the drill plan. If these are known 

constants, then by using only the drill plan a quick estimation can be made of the Hole Intensity. This Hole Intensity 

can then be recorded and used for example in the following way: 

When a new cross section is set, the hole intensities that are recorded for the previous fans can be used to 

decide how many holes that should be drilled (unless they happened to pass through some geologically 

unrepresentative section). If for example, the area of the new sealed zone is to be increased by 25 percent, say from 

800 to 1000 m3 and earlier fans have given that an intensity of about 0.2 % (which required 14 holes) may be suitable 

then the number of holes can be calculated. In this case, if the porosity is set to 2% and the diameter of the core is 

54 mm, then the number of required holes is 17. Thus, in the new design, an additional 3 holes are required in each 

fan. Figure 6-3 below illustrates how important information can be found in the drill plan and how such a calculation 

is easily performed.  

Of course, estimations of penetrations should also be taken into account when planning a design, the Hole 

Intensity gives only a rough measure and is intended to be used as a quick decision aid in combination with active 

design as well as numerical and analytical methods, depending on the difficulty of the project.  

Inversely, the Hole Intensity can be calculated retroactively in order to see how well the design fit with the 

optimal Hole Intensity. Perhaps this could be useful in the first fans of a tunnel when the design is put to test and 

adapted to the in-situ conditions. In such a case, the same procedure as has been performed in this report is applied, 
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where a number of holes is originally drilled based on preparatory works. Then the recorded number of holes with 

take are recorded in a fan and an optimal scenario in terms of Hole Intensity can be calculated. If this is repeated a 

number of times, it will give a picture of the homogeneity and isotropy of the rock and hopefully result in a standard 

Hole Intensity which can be applied further on in the project. Table 6-2 illustrates how such an attempt could give a 

mean Hole Intensity which could be used further on in the project, in case the cross section is changed for example, 

in which case the scenario described above, and illustrated in Figure 6-3b) is applicable. 

a)  

b)

 

Figure 6-3 a) Valuable information for Hole Intensity calculations are found on the drill plans. b) The number of 
required holes to match a desired Hole Intensity and the geometry of a fan is easily calculated using simple software 
like Microsoft Excel.., or just a pen and paper. In this example, the number of required holes is calculated if the first 
cross section is increased by 25 percent, from 800 to 1000 m2. 
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Table 6-2 Simulated attempt to find the Hole Intensity in the first ten fans of an ideal project. 

 

Calculated 

HI [%] 

Porosity 

of the rock 

mass [%] 

Extent of the 

sealed zone 

[m
2
] 

Porous extent of 

the sealed zone 

[m
2
] 

Drill core 

diameter[m] 

Bore hole 

area [m
2
] 

Number of 

boreholes 

Design 1.1 2 200 4 0.054 0.0023 20 

Fan 1 0.7 2 200 4 0.054 0.0023 12 

Fan 2 0.8 2 200 4 0.054 0.0023 14 

Fan 3 0.7 2 200 4 0.054 0.0023 13 

Fan 4 0.9 2 200 4 0.054 0.0023 15 

Fan 5 0.7 2 200 4 0.054 0.0023 12 

Fan 6 0.7 2 200 4 0.054 0.0023 12 

Fan 7 0.7 2 200 4 0.054 0.0023 13 

Fan 8 0.9 2 200 4 0.054 0.0023 15 

Fan 9 0.8 2 200 4 0.054 0.0023 14 

Fan 10 0.9 2 200 4 0.054 0.0023 16 

Mean 0.8 

       

 

6.7.2 Concerning the grouting procedure in the Stockholm City Line 

If possible from a production point of view, do not grout fans that are already meeting the requirements. Set up 

guidelines for when grouting should be done, if water pressure tests are performed, perhaps there is only a need to 

grout one or two holes properly and then just fill the others. In such a scenario the procedure could be as follows: 

1. Drill every other hole in a fan 

2. Clean the holes and perform water pressure tests using a portable measuring device. 

3. Provide the Client with the MWD data as well as the results of the water pressure tests. 

4. The Client response could include one of the following: 

a. Drill all remaining holes and grout the whole fan 

b. Do not drill the remaining holes. Grout the first round of holes. Report data and await further 

instructions. 

c. Do not drill the remaining holes. Grout only some specified holes, fill the rest. Report any 

deviations or incidents, if none - blast. 

d. Do not drill the remaining holes, fill all holes and blast. 

This procedure could save time and money, but it could also complicate the production in such a way that nothing is 

gained from grouting less holes. If the production could be structured so that no stand-by time is lost by introducing 

the water pressure tests and if all the time consumed by the Clients analysis of data is used for something else, then 

there this procedure could have a positive impact on the efficiency of the production.  

As there appears to be no greater difficulty in meeting the environmental requirements in the studied sections 

the functional requirements should be attended to and whether it is possible to decrease the dripping sufficiently by 

optimizing the pre-grouting or if the answer to the functional requirements instead lies within post-grouting. Small 
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and isolated water bearing fractures are difficult to target with pre-grouting, and if this is the ambition then the 

number of drilled holes in a fan should be maximized, and the algorithm described above should not be followed. 

Furthermore, the risk of jacking as a consequence of an increased pumping pressure should be taken into account, 

especially if the ambition is to seal even very small fractures that could cause dripping. Analyses of the data from the 

MGU can clarify whether jacking occurs at a pressure of 3 MPa in the Stockholm City Line. 

 

6.7.3 Concerning the North Link 

The segment studied in this report is already terminated as far as the grouting is concerned. It would be interesting if 

the recorded experiences from the project also discussed the use of a high grouting pressure and its potential 

consequences. The time and material consumption was very high in the section studied in this report and one may 

also find it interesting to follow up on this data to answer the question of whether this was necessary. The impact of 

the material choice could also be evaluated, as the apertures do not match the material. It could be of an interest to 

see whether disproportionate materials to certain apertures have a negative impact on the result or not. 

 

 

Figure 6-4 Two tunnel fronts in the Stockholm City Line (STA, 2011). 
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8 APPENDICES  

Appendix A. Map 

 

 
Figure A 1 Map of the outer main tunnel in NL35 marking the location of the core drill holes K3KBH5 and K3KB 
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Appendix B. Design 

Grouting in the Stockholm City Line 

 

Figure B 1 Standard grouting procedure in the double rail track tunnel of The Stockholm City Line 
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Figure B 2 Standard grouting procedure in the service tunnel of The Stockholm City Line 
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Figure B 3 Grouting design for Sealing Class 2 in the North Link. 
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Appendix C. Q-values 

Table C 1 Q-values from the North Link, outer main tunnel segment 3/300 to 3/430. Highlighted cells represent the 
face of each fan. 

Segment Rock type RQD Jn Jr Ja Jw SRF Q-value 

3/300 3/305 Gr 90 9 1,5 2 1 1 7,5 

3/305 3/310 Gr 85 9 1,5 2 1 1 7,08 

3/310 3/315 Gr 85 9 1,5 3 1 1 4,72 

3/315 3/320 Gr 85 9 1,5 3 1 1 4,72 

3/320 3/325 Gr 80 9 1,5 3 1 1 4,44 

3/325 3/330 Gr 80 6 1,5 3 1 1 6,67 

3/330 3/335 Gr 80 6 1,5 3 1 1 6,67 

3/335 3/340 Gr 80 6 1,5 3 1 1 6,67 

3/340 3/345 Gr 75 9 1,5 3 1 1 4,17 

3/345 3/350 Gr 80 9 1,5 2 1 1 6,67 

3/350 3/355 Gr 90 6 1,5 2 1 1 11,25 

3/355 3/360 Gr 95 9 1,5 2 1 1 7,92 

3/360 3/365 Gr 95 9 1,5 2 1 1 7,92 

3/365 3/370 Gr 90 6 1,5 2 1 1 11,25 

3/370 3/375 Gr 95 9 1,5 1 1 1 15,83 

3/375 3/380 Gr 95 9 1,5 1 1 1 15,83 

3/380 3/385 Gr 100 9 1,5 1 1 1 16,6 

3/385 3/390 Gr 95 9 1,5 1 1 1 15,83 

3/390 3/395 Gr 90 9 1,5 1 1 1 15 

3/395 3/400 Gr 90 9 1,5 2 1 1 7,5 

3/400 3/405 Gr 90 9 1,5 2 1 1 7,5 

3/405 3/410 Gr 95 9 1,5 2 1 1 7,92 

3/410 3/415 Gr 100 6 1,5 2 1 1 12,5 

3/415 3/420 Gr 100 6 1,5 1 1 1 25 

3/420 3/425 Gr 100 6 1,5 1 1 1 25 

3/425 3/430 Gr 95 6 1,5 2 1 1 11,88 

 

Table C 2 Q-values from the Stockholm City Line, track tunnel and service tunnel by the studied fans. Highlighted 
cells represent the face of each fan. 

 Segment Rock type RQD Jn Jr Ja Jw SRF Q-value 

Track 

tunnel 

32+070 32+074 Gr/Gn 95 9 1,5 1 1 1,0 16 

32+074 32+081 Gr/Gn 90 9 1,5 1 1 1,0 15 

32+081 32+087 Gr/Gn 95 9 1,5 2 1 2,5 3 

Service 

tunnel 

32+320 32+325 Gr/Gn 90 9 1,5 3 1 1,0 5 

32+325 32+330 Gr/Gn 90 9 1,5 3 1 1,0 5 

32+330 32+334 Gr/Gn 90 18 1,5 2 1 1,0 4 

32+334 32+338 Gr/Gn 95 12 1,5 2 1 1,0 6 

32+338 32+342 Gr/Gn 95 12 1,5 2 1 1,0 6 

33+342 32+350 Gr/Gn 90 9 1,5 2 1 1,0 8 

32+350 32+355 Gr/Gn 90 9 1,5 3 1 1,0 5 
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Appendix D. Complementary statistics, Case 1 

Pumping time statistics from the North Link, outer main tunnel segment 3/300 to 3/435. 

Table D 1 Sample statistics corresponding to the trimmed distribution given as h:min:s, and the corresponding 
Time Intensity for mean, median and mode values. 

Mean 1:02:35 

Standard Error 0:03:09 

Median 0:46:04 

Mode 0:10:21 

Standard Deviation 0:51:46 

Sample Variance 0:01:52 

Minimum 0:05:39 

Maximum 3:00:56 

Sum 281:39:32 

Confidence Level(95,0%) 0:06:12 

 

 

a)

 

 

b)

 

Figure D 1 a) Frequency distribution for all recorded values along the stretch 3/300 to 3/435. b) trimmed frequency 

distribution, removing the 10th and 90th percentiles. 
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a) 

 

b) 

 
 
Figure D 2 Pumping time distributions in fan 3/355 using a) w/c 1.1 and b) 0.7. 
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Water pressure test results, apertures and penetrations Case 1 

Table D 2 Lugeon value estimations based on water pressure tests performed in the core hole K3KBH5 and K3KBH1. 
The test was performed for 3 minutes with a pressure of 5 bar. N.b. results from levels with invalid data have been 
removed from the sample, which explains the absence of certain levels. 

K3KBH5 WPT 

 

K3KBH1 WPT 

Depth of the section Q l/min volume [I] Lugeon Depth Q l/min volume [I] Lugeon 

6-9 24.00 72 16.00 14.5-17.5 28.00 84 18.67 

9-12 14.00 42 9.33 17.5-20.5 30.00 90 20.00 

15-18 4.67 14 3.11 26.5-29.5 18.67 56 12.44 

27-30 18.00 54 12.00 29.5-32.5 30.67 92 20.44 

33-36 3.00 9 2.00 32.5-35.5 28.67 86 19.11 

39-42 4.67 14 3.11 35.5-35.5 28.00 84 18.67 

45-48 5.00 15 3.33 38.5-41.5 5.00 15 3.33 

48-51 4.00 12 2.67 41.5-44.5 6.00 18 4.00 

54-57 7.00 21 4.67 47.5-50.5 18.00 54 12.00 

57-60 5.67 17 3.78 53.5-56.5 26.67 80 17.78 

60-63 5.00 15 3.33 56.5-59.5 75.00 225 50.00 

63-66 5.00 15 3.33     

69-72 1.00 3 0.67     

72-75 0.67 2 0.44     

75-78 1.00 3 0.67     

 

Table D 3 Descriptive statistics for the lowest and highest 50 percent of the aperture distribution in NL35. 
Descriptive stats lowest 50 % Descriptive stats highest 50 % 

Mean 84,64 Mean 139,47 

Standard error 4,36 Standard error 3,48 

Median 81,76 Median 145,19 

Mode 79,90 Mode 125,31 

Standard deviation 13,09 Standard deviation 10,44 

Variance 171,45 Variance 108,92 

Range 46,28 Range 24,35 

Minimum 68,96 Minimum 125,31 

Maximum 115,24 Maximum 149,66 

Number of inputs 9 Number of inputs 9 

Confidence level (95,0%) 10,06 Confidence level (95,0%) 8,02 

 

 


