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ABSTRACT 

Grouting is a common method of sealing rock around tunnels to reduce or stop water inflow. 

Successful grouting significantly minimizes the maintenance cost and safety of the tunnel. 

Some questions about bleeding and penetrability of the grouts have to be examined more 

closely to carry out a successful grouting. 

Bleeding of cement-based grout is a complex problem. Measuring methods used today 

originate from the measuring of the bleeding of cement pastes used in ordinary building 

industry. Whether bleeding measured with a standard method is relevant for bleeding in small 

fractures in rocks is one of the main questions in this study. The aim of the study is to illustrate 

what really happens with a grout during bleeding and which factors and processes influence it. 

In this way relevant measuring methods can be developed as well as the knowledge regarding 

interpretation of the measured results. The study has shown the most important factors which 

governs bleeding in cement-based grout. It has also shown that the results measured with 

standard methods are not relevant for bleeding of grout in rock joints and that voids in the 

joints caused by bleeding could be refilled during grouting itself. 

An important aspect of grouting is penetration of the grout. The penetration is defined as the 

length of how far grout penetrates in the rock through fractures from a bore hole. Filtration of 

the grout is a result of a plug building at fracture constrictions which reduces the penetrability 

of the grout. This is the other important issue discussed in the study which examines the 

question whether this can be measured by some measuring method and which factors and 

processes influence penetrability and filtration. A hypothesis of how the factors w/c ratio, 

pressure and relative constriction influence penetrability are presented and tested by special 

constructed measuring equipment. The results obtained by this measuring equipment are 

compared with the results measured with a penetrability meter. 
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LIST OF NOTATION 

Commonly used symbols and notations are presented below. Others are defined in the text as 

they appear. 

Roman letters 
   

a/c [l/kg] alcohol to cement ratio 

b [m] aperture 

bcritical [m] critical aperture  

bmin [m] minimum aperture  

bfic [m] fictious hydraulic aperture 

bgroutable [m] groutable aperture 

bfilter [m] aperture measured with a PenetraCone 

bstop [m] aperture measured with a PenetraCone 

b1 [m] aperture before constriction 

b3 [m] aperture after constriction 

d95 [m] 
grain diameter of cement that 95% grain mass is 
smaller than 

∆h [m] head loss 

I [m] penetration 

Imax [m] maximum penetration 

ID [m] relative penetration 

k [-] relation between bgroutable and d95 

K [m/s] hydraulic conductivity 

∆p [Pa] pressure 

t [s] time 

tD [-] relative grouting time 

t0 [s] characteristic grouting time 

q [m3/s] flow 

w/c [-] water to cement ratio by weight 

Greek letters 
   

α [%] rate of hydration 

ρ [kg/m3] density 
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τ0 [Pa] yield stress 
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PART I INTRODUCTION 

1 Disposition of the thesis 

The thesis consists of four parts. Part I is the introduction of the thesis and describes grouting, 

penetration and grout spread in general and continues with a short description of cement and 

grout.  

Part II and III are the main parts of the thesis. Part II describes bleeding and bleeding 

measurement and is generally composed of six parts. It starts with problem definitions, and 

continues with the literature study, own hypothesis and measurements and ends with a 

discussion and conclusion. Part III describes filtration and penetrability of the cement based 

grout and is principally constructed in the same way as part II. 

Part IV is the last part of the thesis and consists of the executive summary, and suggestions for 

further work and references. 

Part II and III have been sent for publication in somewhat shorter versions. Paper ‘Bleeding and 

bleeding measurement of cement-based grout’ has been sent to the journal, Cement and 

Concrete Research and papers ‘Filtration and penetrability of cement-based grout: study 

carried out with short slot’ and ‘Comparison of Penetrability of cement-based grout carried out 

with a long slot, short slot and a penetrability meter’, have been sent to the journal Tunnelling 

and Underground Space Technology. 
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2 Grouting, penetration and grout spread 

Grouting 

Grouting is work which could be carried out with different aims in building engineering. One of 

them is sealing rock around tunnels to stop or reduce water inflow. 

The design work usually starts by defining requirements for maximum permissible water inflow 

in the tunnel which is based on future functions of the tunnel and cost.  

There are two principally different approaches to calculate this water inflow. One is a 

continuum approach where rock mass around the tunnel is assumed as a continuum and water 

flow through the whole rock mass. The other is a discrete approach where water in the rock is 

assumed to flow through the fractures. 

Calculation of the water flow in a continuum model is based on Darcy’s law and in an 

ungrouted shallow tunnel; the water inflow could be calculated according to Wiberg (1961) by 

equation:  

2

2
ln

t

t

K h r L
Q

h

r

 ( I.1) 

To estimate this water inflow conductivity of the rock around, the tunnel K [m/s] must be 

known and can be measured by different hydraulic tests. is the skin factor and the other 

denotations in the equation are illustrated in Figure 1. 

Achieving the maximum permissible water inflow in a grouted tunnel requires thickness t and 

the conductivity of grouted zone around tunnel Ki to be determined. These values could be 

calculated according to Eriksson and Still (2005) by equation  

2

ln

i t

t i

t

K h r L
Q

r t K

r K

 ( I.2) 

which shows water inflow in a grouted tunnel. 
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Figure 1: Illustration with denotations used in equations ( I.1)-( I.5). From Eriksson and Stille (2005). 

In a discrete model, the water flow through a fracture is assumed as a laminar flow between 

two parallel plates. In this case, the inflow to a tunnel from one fracture which crosses the 

whole tunnel could be calculated by equation: 

2

2
ln

i
i

t

T h
Q

h

r

 ( I.3) 

where transmissivity of the single fracture Ti measured in [m2/s] is related to the hydraulic 

aperture of the fracture bhyd by equation: 

3

12

hyd

i

b g
T  ( I.4) 

Similarly as conductivity, the transmissivity is also measured by different hydraulic 

measurements.  Inflow to a tunnel for a given length is the sum of the inflows from all 

fractures (N) from this part of the tunnel.  These fractures have different apertures and 

different transmissivity.  Usually average transmissivity of all these fractures T are described 

statistically by some assumed distribution as for example Pareto (Gustafson and Fransson, 

2005) and expected inflow is then determined by equation: 

2

2
ln

t

T N h
Q

h

r

 ( I.5) 

To estimate the lowest fracture aperture that must be grouted to achieve the requirements for 

permissible inflow after grouting, the same equation could be used.  Figure 2 shows a fictive 

aperture distribution in a rock mass and calculated flow in these apertures.  It could be 

observed that the majority of the water inflow in this aperture distribution occurs through the 

largest fractures.  In this example to reduce water inflow by 90%, all fractures with an aperture 

larger than 60µm must be sealed. 
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Figure 2: Example of a fictive distribution of the fracture apertures in a rock mass and flow in the 
respective fracture. From Eriksson and Still (2005). 

Penetration and grout spread in Real Time Grouting Control Method 

In both of these designing approaches, the grout must be able to penetrate the fracture of a 

certain aperture to create a grouted zone around the tunnel. 

The thickness of the grouted zone t or penetration length I  must be controlled in some way. 

Up until 1990, the stop criterion was based on empirical knowledge. Later a better theoretical 

understanding lead to developing stop criterion based on minimum achieved grout flow or 

maximum grouting pressure. This theoretical understanding presented in, for example, 

Lombardi and Deere (1993), Hässler et al. (1988), Gustafson and Stille (1996), Eriksson et al. 

(2000), lead to the developing of a new stop criterion for grouting based on achieved grout 

spread. 

This new grouting concept is called “Real Time Grouting Control Method” and is presented in 

Stille et al. (2009). 

The calculation of grout spread in real grouting time in this new method, is based on a number 

of basic equations.  One of them is the equation for maximum grout penetration, 

max

02

p b
I . ( I.6) 

This equation is based on the assumption that cement grout is a Bingham fluid and derived by 

balancing forces between grouting pressure and shear stress between grout and fracture 

walls.  See for example Hässler (1991) or Gustafson and Stille (1996).  Equation ( I.6) describes 

maximum penetration length of a grout for a given pressure and fracture aperture. 

In “Real Time Grouting Control Method”, current penetration length I  must be known all the 

time and an important issue was to find a relation between penetration length and 

penetration time. Gustafson and Claesson (2005) find that relative penetration ID, defined as 

max

D

I
I

I
, ( I.7) 

is the same in all fractures independent of fracture aperture cut by a bore hole. The time scale 

is defined by relative grouting time tD by equation 
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0

D

t
t

t
 ( I.8) 

where characteristic grouting time t0 is given by equation  

0 2

0

6 gp
t  ( I.9) 

The relationship between relative penetration ID and relative grouting time tD is found by 

relating equations ( I.6) and ( I.9), (Gustafson and Stille, 2005).  

2 4DI  ( I.10) 

This relationship is different for 1D and 2D grout flow and for 1D flow is  

1
2 0.6

D
D

D

t

t
 ( I.11) 

and for 2D  

2
2 3

D
D

D

t

t
 ( I.12) 

Figure 3 illustrates this relationship. 

 

 

Figure 3: Relative penetration ID as a function of relative time tD. From Gustafson and Stille (2005). 

In Stille et al. (2009) the factor for 2D flow is corrected to  

2
2 3 0.23ln

D
D

D D

t

t t
. ( I.13) 

One important issue during grouting is the determination of the dimensionality of the grout 

flow. The dimensionality is determined by the relationship between grout volume and grouting 

time.  Figure 4a) shows that the most different characteristics between 1D and 2D are the 

slopes of the curves. The slopes are shown in Figure 4b).  In the interval typical for a real 
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grouting situation, a slope of d log V/ d log t =0.8 indicate 2D case while a slope of about 0.45 

indicate 1D flow. 

 

Figure 4: Determination of flow dimensionality. From Gustafson and Stille (2005). 

Required data for “Real Time Grouting Control Method” could be shared in three different 

groups: as hydro geological design data, grout material properties and other data. Hydro 

geological design data are the smallest and largest aperture sizes that have to be sealed. These 

two apertures are related to minimum and maximum penetration length. Grout material 

properties are: Yield value (τ0), viscosity (µ) and penetrability of the grout (bmin). Other data as 

ground water pressure and hole filing volume must also be known, (Stille et al., 2009). 

Grouting procedure in Real Time Grouting Control Method consist of three phases. During 

grouting in phase 1, dimensionality and fracture aperture are estimated based on recorded 

grout flow and pressure. In phase 2, prediction of grout flow and grout penetration is 

calculated based on estimated dimensionality and fracture aperture in phase 1 and the given 

grout pressure. In this phase, the required grouting time to fulfill requirements of penetration 

is also calculated. In phase 3 grout spread is checked by comparison of actual flow with 

predicted and risk for hydraulic jacking. 

Figure 5 shows an example of grouting by Real Time Grouting Control Method where the stop 

criterion is penetration length. The maximum and minimum penetration is marked by the two 

horizontal lines. When one of the penetration curves cross the corresponding horizontal line, 

the grouting will be stopped. The penetration length for 2D grout flow for bmin and bmax is 

estimated for up to 15 minutes. By following this trend it will take a long time for some of 

these curves to cross the curves which present the designed penetration. Therefore the 

grouting pressure is increased and the new penetration length is predicted (hatched curves). 

The required penetration length will be achieved at a time of 20 minutes which is the designed 

penetration length for the smallest aperture and grouting will then be stopped. 

a) b)
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Figure 5: Prediction of penetration length over a period of 30 minutes for 2D grout flow using the increased 
grouting pressure. From Stille et al. (2009). 

Discussion 

There are a number of grout properties that are important for grouting.  One is Yield value (τ0), 

which influences penetration length. Since that Yield value is strongly dependent on the w/c 

ratio, it is one of the most important factors that could be adjusted during the choosing of the 

grout with good penetration properties. At the same time it must be considered that the 

eventual bleeding of the grout could possibly reduce the sealing effect, which is the reason for 

research about bleeding of cement-based grouts. The other important grout property is the 

lowest fracture that a given grout can penetrate and seal. It is difficult to measure this value 

and this is the other question which is investigated in this thesis. 
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3 Description of the grout 

Cement-based grout is a mix of cement and water in a given ratio. This ratio is defined as a 

water to cement ratio by weight and is signed by w/c. The cement grains in pore water are 

partially hydrated and covered with gel products. During the hydration, a part of the pore 

water is consumed. By mixing or pouring of the grout into a measuring cylinder, air could also 

be present in the grout, but it is a small amount that does not principally influence grouting. 

3.1 Cement descriptions 

3.1.1 Typical chemical composition of ordinary portland cement 

Table 1 shows a typical chemical composition of Portland cement. CaO and SiO2 are the two 

most important oxides and constitute around 83 % of the cement mass. The chemical 

composition influences hydration. In this study the hydration will be discussed based on 

change of grains size and shape over time, which is most important for bleeding and 

penetrability.  It will not be based on the hydration of the specific oxides. 

Table 1: Typical chemical composition of portland cement. From Betonghandbok (1994). 

Oxides Interval[%] Typical analysis [%] 

CaO 60-70 63 

SiO2 17-25 20 

Al2O3 2-8 4 

Fe2O3 0-6 2 

MgO 0-4 3 

SO3 1-4 3 

K2O 0.2-1.5 1 

Na2O 0.2-1.5 0.3 

3.1.2 Morphology of the cement grains 

The shape of the cement grains is important for bleeding due to the compaction of the grains 

in the sediment. This influences porosity of the sediment and bleeding. A larger porosity gives 

a lower bleeding. The shape of the cement grains could also influence penetrability of the 

grout due to stability of the grains in the arches. A more irregular shape could give a lower 

contact surface between the grains, which decreases stability of the arches. According to Lei 

and Struble (1997) the grains in unhydated cement have an irregular particle shape whith 

sharp edges. See Figure 6. Smaller grains floculate with each other and produce larger 

aglomerat. Ater 60 minutes, smaller particles are more rounded than the larger particles due 

to greater hydataion. Larger grains have a more even surface. After 36 minutes of hydatation, 

the surface becomes uneven.  
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Figure 6: Shape of the cement grains. SEM (Scanning Electron Microscopy) picture of unhydrated cement. 
From Lei and Struble (1997). 

3.1.3 Grain size distribution of the cement 

Size of the grains and grain-size distribution are important factors which influence several 

properties of the cement-based grout. Hydration occurred at contact of cement with water is 

larger in fine-grained cement than in coarse-grained cement due to a much larger specific 

surface. Flocculation of the cement grains is a very important for bleeding and filtration of the 

grout and is also a process greatly dependent on the grain size. 

The diagrams in Figure 7 show particle size distribution of cements used in the tests. ANL 

cement is a coarse Portland cement (CEM I) with a d95 of 128µm. INJ30 is a relatively fine-

grained cement with a d95 of 32µm. UF16 and UF12 are very fine-grained cements with a d95 of 

16 respective 12µm. INJ30, UF16 and UF12 are manufactured from ANL. MF20 is the newest 

developed cement from Cementa with a d95 of 20µm. The raw material for this cement is 

Byggcement, which is a Portland cement type CEM II. Besides the cement clinker, Byggcement 

also consists of approximately 13% limestone. The source of the diagram is Cementa AB, the 

company in Sweden that manufactures these cements. Table 2 shows the specific surfaces of 

these cements measured by the BET-method. 

 

Figure 7: Particle size distribution of the cements used in these tests. 
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Table 2: Specific surface measured by the BET method and d95 of some cements used in this study. 

Cement 
Specific surface [m2/kg] 

measured according to BET 
method 

d95 [µm] 

UF12 2200 12 

UF16 1600 16 

MF20 2650 20 

INJ30 1300 32 

ANL 310 128 

3.2 Hydration of the cement 

The hydration process starts when water and cement are in contact and continues until the 

entire amount of cement has hydrated. The rate of hydration α is the ratio of the amount of 

hydrated cement Cn and the total amount of cement C in a given time t. According to 

Betonghandbok (1994), total hydration of 1 kg cement needs 0.25 kg water. 

The hydration process in Betonghandbok (1994) is decribed as follows: Hydration of the 

cement is a reaction between cement and water. When cement is in contact with water, easy 

soluable synthesis, mainly alkali sulfater, are soluted in water which becomes saturated with 

K+-, Na+-, Ca2+-, SO4
2- - and OH- -ions. Crystals of Ca(OH)2 and etringit fall out. 

The surface of the cement grains are covered with reaction products. The compactness, 

thickness and consistency of this surface layer, govern how fast water can penetrate through 

this layer to the unreacted cement and continue to react. Reaction products fill the voids 

between cement grains and the cement paste hardens. 

Cement grains consist of a number of different minerals, See Table 1. Therefore different 

reactions happen at the same time. 

Figure 8 shows, among other things, pore-volume and structure change over time in a cement 

paste. The structure change is divided into three different phases and described by the four 

small illustrations. The start of the binding and hardening process depends on the initial 

distance between the grains. 
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Figure 8: Illustration of the hydration process over time. After Locher et al. (1976), from Betonghandbok 
(1994). 

The gel particles at grains surface, developed by hydration, increase the size of the grains and 

their surface thus become rough. If the hydrated grains are in contact with each other, the gel 

particles develop bonds between them. 

Figure 9 and Figure 10 show how cement grains would look after a certain time of hydration. 

Figure 9 shows a 10 µm large cement grain (Alit) after 20 minutes of hydration. Figure 10 

shows another cement grain (Alit) with a diameter of around 2 µm after 28 days of hydration. 

This picture is taken with an Environmental scanning electron microscope, (ESEM). According 

to Tritthart and Häubler (2003), when using this technique the sample is not influenced by 

preparation and there is no need for drying, thus, the picture is very realistic. Looking at this 

picture it is easy to understand why cement paste hardens when gel particles bond with each 

other. 

 

Figure 9: C3S in solution saturated by calcium hydroxide and gypsum 20 minutes after mixing. Bar 1 µm. 
From Juenger et al.(2005). 
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Figure 10: ESEM-FEG picture of hydrated three calcium silica (C3S) after 28 days at rum temperature. 
From Tritthart and Häubler (2003). 

This changed surface influences the packing of the grains during sedimentation and 

consolidation. The sediment will be more porous for larger hydration which decreases 

bleeding. The increased size of the grains will also decrease penetrability of grouts. Further, 

bonds between the grains could improve stability of the eventual arches that could be 

developed during penetration, which also contributes to lower penetrability.  

The rate of hydration (α) over the first half hour of hydration is especially important in aspect 

of bleeding and penetration due to that the grout could stay in the agitator up to half hour 

before grouting. Due to dormant period of the grout, the almost entire hydration which was 

developed during this first half hour happens at time when the cement comes in contact with 

the water.  

Figure 11 a) shows heat liberation of a cement paste during the hydration of coarse cement 

paste with a specific cement surface of 197 m2/kg (Steinour,1945). The development of the 

heat is measured from the contact between cement and water, which is largest at this 

moment and estimated to 40 cal/(g∙hour) compared to 0 to 4 cal/(g∙hour) during the rest of 

the hydration period. 

A grout with fine cement will be more influenced by hydration than a grout with coarser 

cement due to a larger grain surface.  Figure 11 b) shows the comparision between the 

hydation of ANL, a coarse cement with a specific surface of 310 m2/kg, and UF12, a very fine-

grained cement with a specific surface of 2200 m2/kg. The hydration is much larger in fine-

grained cement. 

On the curves shown in Figure 11 b), the hydration is not estimated from the start so we do 

not know the hydration rate at the moment when cement comes in contact with water. In this 

measurement the difference between developed hydration of coarse- and fine-grained cement 

was in focus. Based on measurements shown in Figure 11 a) and expressing the heat liberation 

per square meter (m2), the hydration of the fine-grained cement with water contact could be 

estimated. 
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Figure 11: a) Heat liberation of cement paste due to hydration of a coarse cement with specific surface of 
197 m

2
/kg. From Steinour (1945). b) Comparison of heat liberation between coarse and fine-

grained cement. From Lagerblad and Fjällberg (2003). 

Flocculation is also an important process which occurs in the grout. This process influences 

both bleeding and penetrability, especially in the grouts based on fine-grained cements. Here 

are some pictures from Juenger et al. (2005), Figure 12, and Lei and Struble (1997), Figure 13, 

which show what a floc of hydratisated cement grains can look like. 

 

Figure 12: C3S+2%CaCl2 in solution saturated by Ca(OH)2 and CaSO4*2H2O (Gypsum) after a) 30 b) 60 
and c) 158 minutes. Bar 1µm. From Juenger et al. (2005). 

 

Figure 13: SEM micrographs of cement hydrated for 60 min at 27⁰C. From Lei and Struble (1997). 
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PART II BLEEDING AND BLEEDING MEASUREMENT OF 

CEMENT-BASED GROUT 

1 Bleeding definition and description of the problem  

Bleeding of grout refers to the separation of solid particles from the fluid. The left side of 

Figure 14 shows a measuring method recommended by Widmann (1996) where bleeding is 

defined as the height of clear water ( H) in percentage of the total height (H). One liter of 

grout is poured into a cylinder with a diameter of 60mm, which gives a sample height of 

353mm. After a certain time, the height of clear water is measured. 

 

Figure 14: Bleeding test according to Widmann (1996). 

Whether bleeding measured by this method is relevant for bleeding in small fractures in rocks 

is a main question in this part of the study. The considerations regarding this problem have 

raised some interesting questions: Does bleeding depend on the sample height and does it 

correspond to bleeding in thin fractures? Will bleeding develop during grouting? Is it possible 

that fractures can be refilled with new grout if bleeding occurs during grouting? 

1.1 Processes in system 

To answer these questions we have to know more about the processes which cause the 

bleeding. Four different processes can in principle be distinguished. They are sedimentation, 

consolidation, hydration and flocculation of the grout. 

Sedimentation is a process where cement particles sink because of gravity. The process is 

complete when all particles have no more “free way” to sink, i.e. all particles in the system are 

then in contact. The result is a water layer on top of the system. Stock’s law can be used to 

calculate sedimentation velocity for a particle in a stationary suspension where only 

gravitation influences sedimentation. In grout, however, other processes such as hydration, 

attraction and repulsion between particles influencing sedimentation take place. Therefore it 



Bleeding and bleeding measurement of cement–based grout 

 

28                                                                                                                                                             KTH 

is difficult to use the Stock’s law for calculating sedimentation velocity in grouts. It could also 

be important to know if particles in grout settle as single particles or in flocks. If they settle as 

single particles it should result in a particle size gradient in the sample. Larger particles should 

be more concentrated at the bottom and finer particles should be more concentrated in the 

upper part of the sample since, according to Stock’s law, sedimentation velocity is proportional 

to the square of a particle’s diameter. If there is no particle size gradient in the grout, it could 

mean that particles have been flocculated. 

Consolidation in grout begins when already settled particles are pushed together by the weight 

of later settled particles. The process continues until all particles have settled and the overload 

forces are in equilibrium with the inner resistance of the grout. The consequence is that pore-

water will be pushed up to the surface of the grout. 

Flocculation is a process in which single particles build clumps of particles. This happens when 

attractive forces between particles are larger than repulsive forces. Herzig et al. (1970) showed 

that behavior of colloid particles is more controlled by surface effects than by gravitation. This 

will have an impact on flocculation. 

Other processes important to bleeding of grout are hydration of cement particles and the 

hardening of grout. The hydration process is described in, among others, Betonghandbok 

(1994). Hardening is related to the development of the hydrations products and the distance 

between the cement particles. Grout hardens with time if the cement particles are in contact.  

In the followed literature study, some authors do not make a clear difference between 

sedimentation and consolidation process and settlement could mean both sedimentation and 

consolidation. 
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2 Literature study: Bleeding of cement-based grouts  

2.1 Powers (1939) 

The accumulation of the water at the cement surface may take place through uniform seepage 

over the entire surface area or through a number of channels developed through the cement 

paste. The bleeding with developed channels is called channeled bleeding and bleeding with 

uniform seepage is called normal bleeding, Powers (1939). 

Powers (1939) developed a model to estimate the rate of normal bleeding of Portland cement 

pastes based on Poiseuille’s Law which describes hydraulic flow through small capillaries. He 

compared the forces which cause bleeding with the forces which resist it. Gravitation is the 

force which causes the settlement of the particles that result in bleeding. The force which 

resists the bleeding is the viscous resistance of the fluid. The magnitude of the viscous 

resistance depends on the viscosity of a given fluid at a given temperature, on the length, size, 

shape and numbers of capillaries in which the fluid flows through. 

The rate of bleeding (Q) measured in (cm/s) is described by equation 

 

3( )iK w w
Q

c .
 (II.1) 

In this equation w  is the water-filled volume per unit volume of mix, c  is the volume of 

cement per unit volume of mix which means 1c w , 
iw  is the amount of immobile water 

per unit volume of mix and K is a parameter defined as 

  

2

( )t c fc d d
K  (II.2) 

In equation (II.2) 
cd is the density of cement measured in (g/cm3), 

fd is the density of fluid 

(water) also measured in (g/cm3),  is the specific surface of cement in the mix measured in 

(cm2/cm3) and 
tc is a constant for temperature t  described by equation  

0

t

g
c

k .

 (II.3) 

In equation (II.3) g is gravitation measured in (cm/s2),  is viscosity of the fluid measured in 

poises and 
0k  is constant defined as 

0 2

( '/ ) 8

i

L L
k

k .

 (II.4) 

In equation (II.4) 'L is the length of capillary and L  is the depth of the considering column with 

cement paste suspension both measured in (cm), and finally 
ik is a factor which depends on 

the shape of the capillary and relative distribution of the capillarity size.  
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The model shows that bleeding is very complex, but could be summarized by that the rate of 

the bleeding increase in cubic by increasing the amount of water in the sample and decrease in 

square by increasing the cement surface. 

In very small capillaries there is an amount of water which is held immobile on the surface of 

the solids by adsorption, minute crevices or other surface imperfections which must be, 

according to Powers (1939), taken into account. In the model this immobile water is denoted 

as 
iw and is difficult to determine. Furthermore this factor is in cubic in the equation which 

makes the model unsure. 

The curve shown in Figure 15 represents a typical bleeding of a cement paste, Powers (1939). 

In the beginning the bleeding proceeds at a constant rate and after a time the bleeding 

diminishes until the process has stopped. This curve represents a normal bleeding which is not 

influenced by boundary condition.  

According to Powers (1939) the rate of bleeding depends primarily on the size of capillary 

spaces between particles. During the rate of constant bleeding the capillary at the top of the 

sample preserve their original dimension while at the end the size decrease due to 

consolidation which also decreases the rate of bleeding. 

The example shown in Figure 15 has a bleeding velocity of 1.03 µm/s during a period of 

constant bleeding rate. The cement paste is relatively thick with a w/c ratio by weight of 0.42, 

giving a low bleeding velocity compared to bleeding of cement-based grouts. The cement 

paste is based on coarse Portland cement 14502 with a surface area of 186 m2/kg which is 

coarser than ordinary Portland cement used today with surface area of around 310 m2/kg. 

Final bleeding was approximately 5%. 

 

Figure 15: Typical bleeding curve of cement paste. From Powers (1939). 

Period of 

diminishing rate
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Powers (1939) also described how a system changes during preceding bleeding. There are four 

distinct zones in cement paste during bleeding as illustrated in Figure 16: 

Zone (1) is a zone of clear water on the top. 
Zone (2) is a zone of constant water content and constant rate of settling.  
Zone (3) is a transition zone of variable water content and diminishing rate of settling. 
Zone (4) is a zone of maximum compaction without settling 

The bleeding shown in Figure 16 in the sample to the right is then times enlarged for better 

illustration. 

 

Figure 16: An illustration of the process of bleeding based on experimental data. From Powers (1939). 

Separate from the model for rate of bleeding, Powers (1939) also developed a model to 

estimate bleeding capacity ( 'H ). The principle of developing of this model is shown in Figure 

17 where settlement of the particles is assumed to occur only in the vertical direction. The 

model is based on the volume of the exceeded water ( w ) that is estimated with the 

experiment and corresponds to maximum w/c ratio which does not give any bleeding. The 

derivation of the equation for bleeding capacity is shown below. 

1

3

1

3

(1 ) 1
'

(1 )

H Expanded Height Basic Height w
H

Expanded Height Expanded Height
w

             (II.5) 

According to Powers (1939) the bleeding capacity is mainly a function of w/c ratio, while the 

rate of bleeding is influenced the most by w/c ratio and specific surface of the cement. 
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Figure 17: The principle of developing model to estimate bleeding capacity after Powers (1939). 

Discussion 

The weakness of Powers (1939) model for calculation of rate of bleeding (Q) described by 

equation (II.1), was estimation of the amount of immobile water (
iw ) which is back calculated 

from the measured rate of bleeding for given cement. According to Powers (1939) this factor is 

not just influenced by the cement surface area but also by other factors such as mineral 

composition and density. Some typical values of the used cement and variation could be seen 

in Table 3. 

Table 3: Variation of 
iw for different cements. From Powers (1939). 

Surface Area 

[cm2/g] 
w wi Q [cm/s]*10-6 

1540 0.600 0.246 262 

1520 0.600 0.296 167 

2045 0.600 0.270 135 

1960 0.600 0.327 77 

2550 0.600 0.282 69 

2380 0.600 0.354 32 

 

Powers (1939) regarded bleeding as a process of settlement or sedimentation of cement paste 

which also included consolidation. 

2.2 Steinour (1945) 

Steinour worked at the same research laboratory in Chicago as Powers and further 

investigated the bleeding of the cement paste. This resulted in an improved model for bleeding 

rate.  

3

2 2

( ) ( )0.246

(1 )

c f i

i

g d d w w
Q

w c
 (II.6) 
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The symbols in this equation are the same as presented in Powers (1939) model described by 

the equations (II.1) to (II.3). The main difference between these two models was that Steinour 

(1945) added the subtracted amount of immobile water 
iw  from w  to the amount of cement 

in mix c  which represents the mobile and immobile part of the system. 

Based on new experimental data Steinour (1945) also worked to improve the model for 

bleeding capacity. The original theory from Powers (1939) assumed just vertical settling of the 

particles and lateral consolidation was neglected. The other important part, which also was 

neglected in the original theory, was flocculation of the cement. According to Steinour (1945), 

flocculation reduces both vertical and lateral consolidation.  

Based on data from tests of 26 cements of medium fineness (160-200 m2/kg), 6 cements of 

lower fineness and 8 cements of higher fineness (above 220 m2/kg) with different w/c ratio by 

absolute volume, Steinour (1945) found a linear relation between '/H c  and /w c . See 

Figure 18. To estimate this line, two or more measuring points are needed for each cement 

sort. For cements having a specific surface from 170 to 200 m2/kg, the slope of these lines (k) is 

usually 0.5±0.03. The value of 0.5 could be assumed if just one measurement is known for a 

specific w/c. The point where lines cut the w/c axis is called ( / )mw c and is the maximum w/c 

where bleeding capacity remains zero. Based on this relationship, the bleeding capacity could 

be expressed by the equation: 

2 2' [ / ( / ) ]mH k c w c w c  (II.7) 

 

Figure 18: A method of representing bleeding capacity linearly. From Steinour (1945). 

Equation (II.7) does not give exact bleeding for all cements in range of medium fineness due to 

different chemical constitution, treatment as well as differences in fineness. For this reason, 

Steinour (1945) suggested a diagram with a range of bleeding capacity for different w/c ratios 

which could be used in praxis. See Figure 19. The range of w/c ratio by absolute volume from 

1.0 to 2.4 shown in Figure 19 corresponds to the range of w/c by weight from 0.31 to 0.76 

calculated by cement density 3150 kg/m3. 



Bleeding and bleeding measurement of cement–based grout 

 

34                                                                                                                                                             KTH 

 

Figure 19: Ranges of bleeding capacity for cement with specific surface of 1850±100 cm
2
/g. The range of 

w/c ratio by absolute volume from 1.0 to 2.4 corresponds to the range of w/c by weight from 
0.31 to 0.76 calculated by cement density 3150 kg/m

3
. From Steinour (1945). 

The factors that can reduce bleeding rate and bleeding capacity of cement pastes beside w/c 

ratio, fineness of the cement and temperature are, according to Steinour (1945): high soluble 

alkali in clinker, high CsA in clinker, slow cooling of clinker, large addition of gypsum, addition 

of an air-entraining agent, addition of calcium chloride and exposure of cement to the air. 

Discussion 

Steinour’s (1945) research shows that the two most important factors that influence bleeding 

capacity are w/c ratio and fineness of the cement. The fine-grained cements are more 

flocculated which decrease bleeding capacity. 

Steinour’s investigation from 1945 is based on tests performed with cements having a surface 

area between 130 and 240 m2/kg. This is much coarser cements than the cements used today 

for grouting purposes.  Compare these cements with, for example ANL cement which has a 

surface area of 310 m2/kg and is assumed in this study as a coarse cement, or with UF12 

having a surface area of 2200 m2/kg which is assumed in this study as a very fine-grained 

cement. 

Steinour (1945) did not investigate influence of sample height on bleeding capacity. The height 

of the samples in his study was between 35 and 60 mm with a sample diameter of 100 mm. 

2.3 Radocea (1992) 

Radocea (1992) studied bleeding of cement pastes by measuring the water pressure in the 

suspension during settlement of the grains. The pressure at a given depth decreases during the 

settlement of the particles. The pressure will decrease to the hydrostatic pressure if all 

particles passed the given depth. See Figure 20. 
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Figure 20: a) Illustration of sedimentation of cement particles of different sizes from Radocea (1992) and b) 
my own illustration of the pressure change at a given depth in cement suspension during 
settlement of the particles. 

Bleeding in suspensions with low particle concentration 

Radocea (1992) used Stokes’s law, which describes particle velocity during settlement in a 

fluid, to study bleeding in suspensions with low particle concentration. 

2

18

c w gdh
v

t
 (II.8) 

The particle velocity in equation (II.8) depends on, among others, the diameter of the particle 

d in square and viscosity of the fluid η. 

The water pressure pw at a given depth H in cement suspension can be expressed by equations  

c w
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m m g
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A
 (II.9) 

and  

c w

c w

m m
AH  (II.10) 

Combining equations (II.9) and (II.10) the water pressure at a given depth can be expressed as 

1 w
c

c

w w

m g

p gH
A

 (II.11) 

The equation (II.11) is valid just for depths lower than H2, see Figure 22, where all cement 

particles were replaced with water during settlement. The mass of cement mc in this equation 

is a function of time. Using the Stokes’s law the mass of the cement in (II.11) could be 

expressed by equations 

1 2 .....c nm m m m  (II.12) 
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Equations (II.11) to (II.14), could, according to Radocea (1992), be used to calculate water 

pressure over time at a given depth if particle size distribution of the cement is known or to 

determine particle size distribution by measuring water pressure. 

Figure 21 shows measured pressure compared with pressure calculated by equations (II.11) to 

(II.14) during settlement in suspension with low particle concentration. The pressure 

presented in the figure is excide pressure which is the difference between measured water 

pressure and hydrostatic pressure. The result shows a large difference between the measured 

and the calculated pressures. According to the author the difference in initial pressure and 

total time of sedimentation are mostly the result of the accuracy of the measuring equipment 

and secondly of the fact that the largest particles and flocks settle before the measurements 

have started. 

Discussion 

According to Radocea (1992) the reason for a difference between measured and calculated 

initial pressure could be that the largest particles and flocks settle before the measurements 

are started. If this is true then the average of the particle diameter used for calculation must 

be much larger than the true value in the suspension due to that largest particles have already 

passed the measurement’s depth. In this case the theoretical average particles settle much 

faster due to that settling velocity is a function of particle diameter in square. Thus, the rate of 

the theoretical pressure fall must be larger while according to Figure 21 the pressure rate is 

principally the same during first 37 seconds. The result rather shows that the accuracy of the 

absolute measured pressure could be questionable while pressure change could be correct. 

This could means that Stokes’s law could be used in suspensions with very low concentration 

at least in the first part of the settlement. The liquid fraction in the experiment was between 

0.792-0.958. The exact concentration of the suspension used in experiment shown in Figure 21 

is not presented. 

 

Figure 21: Measured and calculated pressure changes by equations (II.11) to (II.14) at 40 mm depth. From 
Radocea (1992). 
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Bleeding in suspensions with higher particle concentration 

To study bleeding in cement paste with higher concentrations, Radocea (1992) assumed that 

cement paste, during the period of constant rate of bleeding, could be compared with an 

idealized system of mono-sized particles. Figure 22 a) illustrates this system where settling 

velocity is constant and water pressure at a given depth is proportional to the number of the 

particles supported by water and fall according to Figure 22 b). The bleeding rate ( /h t ) in 

this system is dependent of particle size d, the vertical distance between particles w and time 

t1 that is necessary to leave volume AH1. See Figure 22 a). 

1

h d w

t t
 (II.15) 

Based on equation (II.11) the pressure change over time /wp t  , for depths lower than H2 

where all particles are replaced by water, could be written as  
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where   

2
A d w  (II.17) 

and Mc is the mass of one cement particle and is calculated as  

3

6

c
c

d
M  (II.18) 

Porosity in a unit cube which contain one cement particle with the same diameter as the edge 

of the cube could be expressed by equation 

3

3
1

6

d

d w
 (II.19) 

By using equations (II.15) to (II.19) the settling velocity as a function of water pressure could 

be expressed as 

2

1
0

1
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H

c w

ph
p

t t
 (II.20) 

PH2(0) is initial pressure at depth H2 expressed in mm water and PR is relative water pressure at 

a given depth defined as current pressure divided by the initial pressure. The relative pressure 

in the sediment (the pressures between H2 and H3, see Figure 22 a) and c)) will be identical 

since the pressure in the sediment falls immediately from the start until the settlement is 

finished.  
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Figure 22: Sedimentation of particles in suspension with high concentration of particles. From Radocea 
(1992). 

Figure 23 shows the measured pressures at 25 and 40 mm depth in cement pastes with w/c 

ratio a) 1.0 and b) 0.4. Figure 23 c) shows the measurements from Figure 23 b) expressed in 

relative pressures. The depth of the sample container is 150 mm.  

In Figure 23 a) it could be seen that all cement particles passed the depth of 25 mm after 

approximately 38 minutes and not the depth of 40 mm which imply that the final surface of 

the cement paste was between 25 and 40 mm deep. 

The measurements also showed that pressure falls slightly faster over time at a depth of 40 

mm than at 25 mm. The total mass of the cement particles which pass the 40 mm depth or 

settle at a depth between 40 and 25 mm is something higher than the mass which passed 

depth at 25 mm. This shows that cement paste with a w/c ratio of 1.0 is not an ideal system of 

mono-sized particles organized in identical layers that settle at the same rate. 

In the sample with a w/c ratio of 0.4, both pressures are measured under the final surface of 

the cement paste (between H2 and H3, Figure 22). The settlement was finished after 

approximately 58 minutes. In the measurement with the thicker cement paste, the pressure at 

40 mm falls even faster than at 25 mm depth compared to the paste with w/c=1.0. This 

suggests that thicker cement paste could not be assumed either as an idealized system of 

mono-sized particles organized in identical layers that settle at the same rate whereas the 

author concluded that this is true based on the fact that the relative pressure at different 

depths are identical. See Figure 23 c). They must be identical if they are measured between H2 

and H3. 

b) d)a) c)
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Figure 23: Measured pressures at 25 and 45 mm depth in cement pastes with w/c = a) 1.0, b) 0.4 and c) 
relative pressure with w/c=0.4. Depth of the sample container is 150 mm. From Radocea 
(1992). 

Discussion 

Consider pressure P at time t1 in Figure 24. This pressure is an hydrostatic pressure which 

presses the water under level A and can be calculated as P(t1)= ρwgh1. By adding a certain 

mass of cement, the pressure P at time t2 will increase due to that the water at level A is 

pressed by the same mass of water and additionally by the added cement mass. The pressure 

P at time t2 will increase with pressure ∆Pc, which is equal to ρcg∆h. Thus P at time t2 could be 

calculated as P(t2)= P(t1)+∆Pc. 

At time t3 the pressure P will decrease due to that three cement particles have settled and are 

no longer supported by water. The water at level A is now pressed by the mass of the 

remaining  unsettled cement particles, the previous mass of water that corresponds to volume 

V1 and an extra mass of water which was previously under level A but is now pressed up by 

the settled cement particles which passed the level A. The extra mass of pressed water shown 

in Figure 24, corresponds to the sum of half the volume of particle 5 (Vc5/2) and half the 

volume of particle 6 (Vc6/2). The pressure P at time t3 described in Figure 24 could be 

calculated as P(t3)= P(t1)+∆Pc/2+ (ρwg∆h)/6.  

(ρwg∆h)/6 is the pressure caused by water pushed above level A and ∆Pc/2 is pressure caused 

by three reaming cement particles not yet settled. 

At time t4, the remaining particles 1, 2 and 3 have also settled and caused consolidation in the 

sediment. The consolidation in Figure 24 is illustrated by moving particle 4 slightly over the 

level A for a forth part of the self volume. Therefore pressure P at time t4 partially decreases 

due to settlement of particles 1, 2 and 3 and partially increases due to the pushed mass of 

water above level A caused by consolidation of the particles 4.Pressure P at time t4 could be 

calculated as P(t4)= P(t1) + (ρwg∆h)/6 + (ρwg∆h)/24. The pressure (ρwg∆h)/24 is caused by 

consolidation of particle 4. 

Self-weight consolidation of the cement particles also occurs in the cement paste during the 

settlement and can continue after the settlement is finished. 
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The reasoning above showed that it is not possible to distinguish the change of the pressure 

caused by sedimentation, from the change of the pressure caused by consolidation, when the 

measuring point is in the sediment. 

 

Figure 24: Pressure change due to sedimentation and consolidation. 

2.4 Tan et al. (1987) and Tan et al. (1997) 

According to Tan et al. (1987), Powers (1939) and Steinour (1945) treated bleeding as a 

process dominantly caused by sedimentation which is governed by Poiseuille’s low of capillary 

flow. The developed model for bleeding rate was not able to predict bleeding during the 

period of diminishing-rate. See Figure 15. The application of the model was also limited to the 

shallow layer of cement paste. In order to predict the bleeding capacity, Powers (1939) and 

Steinour (1945) had to develop a separate model. 

According to Tan et al. (1987), the bleeding of cement paste in the range of the w/c ratio by 

volume between 1.0 and 2.0, which corresponds to w/c ratio 0.32-0.63 by weight, is 

dominantly caused by consolidation of the cement particles. The particles in such pastes are 

expected to be closely in contact with each other and there exists some interparticle forces 

between them that govern consolidation. Analog with soil mechanics, these interparticle 

forces in cement paste could be considered as effective stresses in soils and concept of 

effective stresses from soil mechanics could be applied to describe the consolidation process in 

cement pastes. 

Based on this assumption Tan et al. (1987) derived a model for the bleeding of these thick 

cement pastes over time considering the equation of motion, the continuity equation, the 

constitutive relation for cement paste and the flow of fluid through the paste. The developed 

model described by equation 
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presents the settlement of cement paste s(t) at time t. The rate of bleeding Q is obtained by 

differentiation of bleeding equation s(t) with respect to time t. 
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e
Q C C t

h
                               

(II.22) 

In equations (II.21)and (II.22) h0 is initial height of cement paste, e0  is initial w/c ratio by 

volume, β =(γs-γf)/α, λn=(2n+1)π/2, n=1,2,3,… and CF=-(k/(1+e) γf)*(dς’/de). 

To calculate bleeding by equation (II.21) (dς’/de), k must be obtained. According to Tan et 

al.(1987), observed bleeding rate for w/c of 2.0 is about 10% and for deformation lower than 

10% it could be assumed that 

dς’/de =-α and k=K0(1+e) 

where α and K0 are constants. 

To confirm their model for bleeding rate and capacity, two series of bleeding test with a w/c 

ratio of 1.6 and 1.8 were conducted. Constants α and K0 are determined from the theoretical 

curve which is obtained by fitting the data from the test with the shortest sample height for 

each w/c ratio. Then these values are used in the other test with higher samples. The test 

results conducted with a w/c ratio of 1.6 are shown in Figure 25 where it can be seen that 

predicted bleeding coincides well with measured bleeding except at the end of bleeding. 

Summarizing the findings, authors concluded that bleeding phenomena for cement paste with 

w/c ratios between 1.0 and 2.0 are governed by self-weight consolidation and not 

sedimentation as previously thought. The bleeding model is able to predict bleeding for 

different w/c ratios and heights with exception of at the end of the process when, according 

the authors, hydration arrests the settlement. 
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Figure 25: Comparison between theoretical and experimental bleeding over time. From Tan et al.(1987). 
W/c by vol. is 1.6 (by weight is 0.51). 

The developed model by Tan et al. (1987) did not show a satisfying agreement with measured 

bleeding at a diminishing bleeding rate for a specimen lager then 50 mm and the reason, 
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according Tan et al. (1997) was hydration. In an attempt to solve this problem Tan et al. (1997) 

improved the original model by taking hydration into account. 

To calculate the hydration’s influence on bleeding, the influences of hydration on the stiffness 

of the cement paste over time must be known and is expected to increase independently of 

any change in void ratio. To confirm this and obtain the parameters, a number of 

compressibility (odometer) tests for cement pastes with a w/c ratio of 1.4 were conducted at 

different time settings. See Figure 26. The cement used is ordinary Portland cement with a 

surface area of 317 m2/kg. The relationship between the void ratio (e) and effective stress (ς’) 

over time is obtained from Figure 26a). The slope of e against ς’ plot is an indicator of the 

stiffness of the sample. The curve obtained by measuring was not liner and according to the 

authors, it could be a result of the measuring. The relationship is calculated from the initial 

slope which is assumed as linear. To isolate the influence of hydration on the stiffness of the 

cement paste, dς’/de versus time are plotted and shown in Figure 26b). The result showed 

that the increase of the stiffness for the first 60 min is small and almost constant and then 

increases significantly. This means, according to authors, that in the beginning there are plenty 

of voids between the particles filled up with water and the hydration product could be 

accommodated by rearranging of the particles or by the voids. After 60 minutes the cement 

particles start to intermesh with each other and stiffness increases sharply. 

 

Figure 26: Consolidation (odometer) test for cement paste with a w/c ratio of 1.4 by volume. From Tan et 
al. (1997). 

To investigate bleeding in the presence of hydration, the bleeding test with all cement paste 

specimens of 500 mm with 1.4 and 1.6 w/c ratios by volume was conducted. Besides the 

measured bleeding, pore pressure and density profiles were also measured during the 

settlement. The measured settlement and excess pore pressure (current pressure – 

hydrostatic pore pressure) with a w/c ratio of 1.6 are shown in Figure 27 a) and those with a 

w/c ratio of 1.4 in Figure 27 b). The measured surface settlement with w/c =1.6 indicates 

channeling in the cement paste which is characterized by a distinct increase in the rate of the 

surface settlement. In the specimen with w/c =1.4 the channeling was not observed. The 

settlement in both measurements was finish after about 100 minutes. With the settlement, 

the pore pressure along the depth dissipates slowly with time and almost at constant rate 

followed by the sharp drop and finally reaching zero nearly at the same time in both specimens 

when settlement was also finished. Due to that both the excess pore pressure and the 

settlement ceased at around the same time regardless of the w/c ratio, the authors concluded 

that the reason is hydration, rather than sedimentation or consolidation of the cement paste. 
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Figure 27: Surface settlement and pore pressure of the cement paste with a w/c ratio of 1.6 (a) and 1.4 (b) 
from Tan et al. (1997). 

For the cement paste specimen with a w/c ratio of 1.6, Figure 27 a), the excess pore pressure 

during first 20 minutes of measurements showed little change except near the bottom. This 

indicates sedimentation in the cement paste. The density measurements along sample height 

confirmed sedimentation in this specimen. See Figure 28 a). During the settlement, the density 

in the specimen with a w/c ratio of 1.6 was unchanged in the upper portion which is a 

characteristic of sedimentation while increased in the lower portion which is a characteristic of 

consolidation. In the specimen with a w/c ratio of 1.4 the settlement is caused only by 

consolidation. 
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Figure 28: Density profiles of cement paste with a high of 500 mm and a w/c ratio of 1.6 (left) and 1.4 
(right) from Tan et al. (1997). 

Discussion 

Tan et al. (1997) showed that bleeding in cement paste based on cement with a surface area of 

approximately 317 m2/kg with a w/c ratio of 1.6 (0.51 by weight) is governed partially by 

sedimentation and partially by consolidation, while with a w/c ratio of 1.4 (0.44 by weight) 

bleeding is result only of consolidation. This partially confirms the Powers and Steinour 

assumption that bleeding is a case of sedimentation. 

Tan et al. (1997) found that hydration starts to influence bleeding after approximately 100 

minutes. These two findings suggest that Tan et al.’s (1987) model could be used in an 

application with thicker cement paste (w/c by weight < 1.6) where bleeding is just a case of 

consolidation and with lower specimen (< 50 mm) where bleeding is finished before 100 

minutes. 

The use of this model in grouting applications is limited because the cement paste used in 

grouting applications have a higher w/c ratio where bleeding is governed by both 

sedimentation and consolidation. The other uncertainty is that the model is not tested with 

cements with significantly higher surface areas which are often used in grouting applications 

where interparticle forces are much stronger compared with coarser cements. 

2.5 Yang et al. (1997) 

Powers (1939) and Steinour (1945) developed a bleeding model of cement paste focused on 

sedimentation as the governing process. Later Tan et al. (1987) and Tan et al. (1997) developed 

a new model focusing both on sedimentation and consolidation of the cement grains in 

cement pastes. 

Flocculation is another process which could influence bleeding of cement pastes. This is a 

process where cement grains influenced by attractive forces build the flocks. According to 

Yang et al. (1997) sediment in a flocculated cement paste will have a larger volume than 
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sediment in a dispersed cement paste due to water trapped inside the flocks. This implies that 

bleeding will be lower in a flocculated cement paste. 

Yang et al. (1997) studied flocculation in a cement paste by investigating interparticle potential 

and structure of the sediment. Interparticle potential governs flocculation and particle size 

distribution (PSD) in sediment will show if particles settled in flocks or individually. 

Interparticle potential 

Yang et al. (1997) investigated ionic concentration of ordinary Portland cement and applied 

DLVO theory on a cement paste. 

DLVO theory claims that the state of flocculation of a colloidal suspension is a function of 

interparticle potential. The theory describes attractive and repulsive forces between particles 

with charged surface in a colloidal suspension.  See Figure 29. According to this theory there 

are two layers surrounding a charged particle. The first layer is a compact layer of counter-ions 

attracted by the charged surface of the particles called the inner layer or Stern layer. This is a 

thin layer and according to Yang et al. (1997), the exact structure is not completely 

understood, although it is known to be immobile. Outside of this layer, in the bulk solution, a 

region called diffuse layer exists. The boundary between these two layers is called a shear 

plane. The diffuse layer carries a significant charge due to a high concentration of the repelled 

ions from the inner layer and is of the same sign as the charge of the surface of the particles. 

These repelled ions produce an electrical potential Ψd that begins at the shear plane and 

decays with distance. In the bulk solution, positive and negative ions are balanced, electrical 

potential vanishes and ions move freely. 

The structure of a diffuse layer governs interaction between two charged particles and could 

be described by two parameters: the electrical potential, Ψd, and the thickness, l/κ, where κ is 

the Debye-Huckel parameter. 

 

Figure 29: Electric double-layer model from Yang et al. (1997). 

The electrical potential at the shear plane is called the zeta potential (ζ) and it is, according to 

Yang et al. (1997), the only value of potential which could be measured. This is done by 

creating an electrical field in the suspension with the electrodes. The charged particles with 

Shear plane

Bulk solution
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their inner layers move to the electrode of the opposite sign and the zeta potential can be 

calculated from the measured particle mobility. 

The electrical potential Ψ decays with distance from the shear plan as  

expd r a  (II.23) 

where a is the radius of the particles and r is the distance between two particles measured 

from the center. See Figure 30. The thickness of the inner layer κ is a function of the 

electrolyte concentration in the bulk solution and temperature and can be determined by the 

equation  

0

c

r

I N
e

kT
 (II.24) 

In this equation e is the charge of one electron, N is Avogadro’s number, εr is the relative 

dielectric constant of the liquid medium, ε0 is dielectric permittivity of free space, and k is 

Boltzmann’s constant. The ionic strength of the bulk solution Ic is determined by equation 

21

2
c i iI C z  (II.25) 

where Ci is the ionic concentration of ion i in moles per liter, zi is the valence of ion i and 

summation is over all ion species. According to Yang et al. (1997) in water at t=25:C εr = 80, 

thus  

1 3.288 cnm I  (II.26) 

The thickness of the diffuse layer in a colloidal suspension varies and is, according to Yang et al. 

(1997), typically about 1-100 nm. In highly ionized electrolytes, such as in cement paste, the 

diffuse layer is compressed and ionic strength in a cement paste is high, typically 0.1 M (moles 

per liter) which gives a diffuse layer of 1 nm thickness. 

Repulsive potential UR arises from the electrostatic forces between two charged particles of 

the same sign. As the particles approach each other their double layers interact with each 

other and create a repulsive potential. This potential can be calculated by equation 

2

02 ln 1 exp 2R rU a r a
   

                           (II.27) 

An attractive potential UA arising from the London-van der Waals forces can be determined by 

the equation 
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r a r r
                          (II.28) 

In this equation AH is the Hamaker constant. This constant varies for different material and 

liquid medium. Crystalline quartz, Fused silica and Calcite which are similar to the composition 

in the cement system, have respective values of 1.7 *10-20 J, 0.85*10-20 J and 2.23 *10-20 J.  

The sum of these two potentials gives the total potential Utot 

tot R AU U U  (II.29) 
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Two charged particles close to each other will be flocculated or dispersed, depending on the 

total potential which controls the state of suspension. The attractive potential is taken to be 

negative and falls by 1/r2. According to Yang et al. (1997), this attractive potential is exerted 

over a much greater distance than the repulsive which falls by exp[-k(r-2a)]. This means that 

the repulsive forces are only significant within the thickness of a diffuse layer of 1/κ. 

While attractive potential is basically a function of r, the repulsive potential is also a function of 

the zeta potential and ionic strength. Holding the particles size and zeta potential constant, 

with varying ionic strength, gives the three typical total potential curves. These curves are 

shown in Figure 30 and describe the state of a suspension. 

At low ionic strength and high surface potential, the repulsive potential exceeds the attractive 

potential at all interparticle distances. In this case the particles repeal each other and 

suspension is stable. This state is represented by curve A. 

At moderate ionic concentration the total potential is described by curve B. At this 

concentration the repulsive potential will be somewhat larger than the attractive potential 

between two particles close to each other and they will be repelled to a distance rm. At this 

distance the particles reach the secondary minimum Ψsec and are in an equilibrium position to 

each other which means according to Yang et al. (1997) that they are flocculated. The system 

will be strongly flocculated if - Ψsec/kT>20. 

Increasing ionic concentration to a value called critical concentration, nc, the particles are 

rapidly and irreversibly flocculated at the primary minimum Ψmin. 

Yang et al. (1997) investigated the state of flocculation of cement paste by using DLVO theory. 

The critical ionic concentration could be calculated according to Yang et al. (1997) by the 

equation  

4
35

2 2
3.648 10c

H

n
z A

 (II.30) 

By assuming valence of the ionic species z to 1, using the Hamaker constant of calcite 

(AH=2.23∙10-20J) and varying the zeta potential from 2 to 30 mV, they find that critical ionic 

concentration in an equivalent cement suspension is less than 0.012 M for the zeta potential 

under 20 mV. 

This theoretically estimated critical ionic concentration of 0.012 M was compared with 

estimated ionic concentration based on inductively coupled spectroscopy (IPC) measurements 

of the ordinary portland cement at w/c ratios of 10, 2, 0.45 and 0.35.The lowest estimated 

value of these suspensions was 0.095 M for w/c=10 . This is almost 10 times larger than the 

critical ionic concentration, which means that according to DVLO theory, the cement paste 

based on ordinary portland cement is coagulated with an interparticle potential depicted by 

curve C in Figure 30. 
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Figure 30: Illustration of interparticle potentials: curve A, stable dispersion; curve B, flocculated 
suspension; curve C, coagulated suspension. 

Structure of the sediment 

The state of flocculation of a cement paste according to Yang et al. (1997) could be determined 

by the examination of PSD curve. The sediment from a stable suspension has a size gradient 

along the vertical direction where larger particles are more concentrated at bottom, while the 

sediment from a coagulated paste does not have a size gradient. 

This is tested by comparing sediment from a bleeding test of cement–de-ionized water 

suspension and cement-alcohol suspension. Ordinary Portland cement is mixed with water at a 

w/c ratio of 1.0 and the same solid concentration is used in the cement-alcohol suspension. A 

volume of 52 ml of suspension is poured in a cylinder of 27 mm diameter giving a sample high 

of around 90 mm. Bleeding results of these suspensions are shown in Figure 31 a) and PSD 

analysis of these tests are showed in Figure 31 b) and c).The PSD was analyzed in the samples 

used from the top and bottom of each sediment. 

Cement-alcohol suspension showed larger bleeding and the final sediment was dense and had 

a more closely packed structure. PSD analysis clearly showed a gradient of the particle size. 

See Figure 31 b). The larger particles were more concentrated at the bottom which indicates 

that particles settled individually, rather than as flocks. The sediment from the cement–de-

ionized water suspension did not show any gradient of the particle size, which means that 

particles settled in flocks. See Figure 31 c). 

On the basis of these tests the authors concluded that cement suspensions are not dispersed 

but rather flocculated or coagulated. 
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Figure 31: Bleeding of the cement-alcohol and cement-de-ionized water suspension (a) and particle-size 
distribution in cement sediment of (b) cement-alcohol suspension and (c) cement-de-ionized 
water suspension. From Yang et al. (1997). 

2.6 Rosquoet et al. (2003) 

Rosquoet et al. (2003) studied bleeding of cement based grouts based on ordinary Portland 

cement. Their definition of sedimentation includes both the “free sinking” and consolidation of 

the cement grains. Bleeding and density profiles over time were measured by γ-densitometer 

and the high of the studied specimens were 1400mm with a diameter of 96mm. 

Figure 32 shows density change of the grout with a w/c of 1 during 7h and 12 minutes. The 

initial density was around 1460 kg/m3 along the total sample high. The figure shows a 

consolidation front at the bottom of the sample. With proceeding bleeding at the top of the 

sample, the density at the bottom behind the consolidation front starts to increase. The 

density was constant between the grout surface and the consolidation front.  The bleeding was 

finished after approximately 256 minutes and then the density at the top of the sample starts 

to decrease while density behind the consolidation front continues to increase. The 

consolidation process was finish after approximately 448 minutes.  At the top of the sample 

the final density was lower than the initial. The reason could be channeling but the authors do 

not comment this. The final bleeding was 200mm or 14% and average bleeding velocity was 

around 13 µm/s. 

Due to the fact that authors do not separate sedimentation from consolidation, they do not 

even discuss these presses separate during bleeding. According to the measured density, the 

consolidation front could be the border between consolidation and free settlement of the 

cement particles. 

b)

c)

a)
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Figure 32: Density profiles for a cement paste with a w/c ratio of 1 during 7 h and 12 min. The used 
cement is portland cement CEM I 52.5 . From Rosquoet et al. (2003). 

Rosquoet et al. (2003) measured development of the density during 24 hours for grouts with 

seven different w/c ratios. Figure 33 shows the initial and final measured densities. In grouts 

with a low w/c ratio (0.35 and 0.4), the density change was very low after 24 hours. The final 

density of w/c 0.45 grout showed a large density change at 500 mm sample height. The reason 

is probably arching in the sample. The grouts with w/c ratios between 0.5 and 1.0 showed both 

bleeding and consolidation. The final density at the bottom in all tests that showed bleeding 

was around 1900 kg/m3. This density could be the maximum compaction density for this 

cement and this sample height. 

 

Figure 33: Initial density and density after 24 h in grouts with different w/c ratios (0.35, 0.4, 0.45, 0.5, 0.6, 
0.7 and 1.0). From Rosquoet et al. (2003). 

2.7 Houlsby (1990) 

Houlsby (1990) discussed among others how grout flows in fractures, bleeding during 

penetration and the difficulty to grout fractures regarding thoroughness of filling. According to 

him, penetration and filling of the fractures with grout is better if water and thin grout can be 
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easily displaced by incoming grout. This is easiest in the vertical fractures which act as venting 

paths. The grouts can settle downwards during penetration and become denser with time. The 

horizontal fractures are hardest to grout. Grout flows radially outwards and there are no 

upward-venting cracks. Up to the time when maximum penetration is reached, grout has been 

in the motion and there is little opportunity for bleeding. At the end of the movement bleed 

water begins to separate from the grout. Because there is little room in vertical direction, 

bleeding takes place in a horizontal direction creating meanders and pockets of bleed water in 

the grout as illustrated in Figure 34. 

 

Figure 34: Bleeding of grout in horizontal fractures. From Houlsby (1990). 

Houlsby (1990) also discussed the influence of the w/c ratios on bleeding. Figure 35 shows 

bleeding over time for grouts with various w/c ratios which could be, according to Houlsby 

(1990), applied to large vertical bodies of grout where cement grains can freely settle without 

arching between the sides. The thinner grouts settle more rapidly than the thicker ones. The 

graph should be regarded as typical since bleeding varies with cement fineness, method used 

for measuring and other factors. 

The grouts with initially different w/c ratios will settle to a different final w/c ratio if they settle 

freely without the influence of arcing. The grouts with an initially lower w/c ratio will settle to 

a looser structure as showed in Table 4. W/c by volume in Table 4 is based on bulk volume of a 

bag of cement. The conversion factor from volume to weight is 0.66. 

Table 4: Final w/c ratio of the settled mix for grouts with a different initial w/c ratio. From Houlsby (1990). 

w/c of initial mix w/c of settled mix 

By volume By weight By volume  By weight 

1 0.66 0.9 0.59 

2 1.32 1.1 0.73 

3 1.98 1.3 0.86 

5 3.30 1.4 0.92 

9 5.94 1.7 1.12 

12 7.91 1.9 1.25 
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Figure 35: Bleeding over time for grouts with different w/c ratios. W/c by volume in the figure is based on 
bulk volume of a bag of cement. The conversion factor from volume to weight is 0.66. From 
Houlsby(1990). 

Houlsby (1990) also discussed arching and settlement in vertical and incliended grouting holes. 

Figure 36 a) shows measured specific density (ton/m3) in a specimen of 9.1 m (32 ft.) high. The 

diameter of the specimen is 63.6 mm. The density is measured after 45 minutes. At the 

bottom, the density after 45 minutes was larger than initially and from 1.42 m (5 ft) the density 

was lower than initially which is, according to Houlsby (1990), a result of bleeding. 

In other samples shown in Figure 36 b), where bleeding was measured over a longer period, 

arching of the grouts was observed. In a zone marked as clear in Figure 36 b), the voids with an 

arched top could be observed. In the opaque zone, similar voids were also observed. 

In the inclined samples 30: from the vertical line, voids were not so concentrated and not as 

large as in the vertical samples. Many small voids or bubbles were spread along the upper side 

of the slope. These were more numerous in the 3:1 (by volume) grout than in 1:1 grout. The 

grout on the upper side had a lower density and contained the channels.  
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Figure 36: a) measured density in a specimen of 9.1 m in height and 63.5 mm in diameter after 45 
minutes. b) Observed voids in the bleeding test measured a longer period. 

Discussion 

According to Houlsby (1990), the bleeding in the horizontal fractures could be a larger problem 

than in the vertical fractures. The bleeding in the vertical fractures could be reduced by a 

longer grouting. 

2.8 Eriksson et al.(1999) 

Eriksson et al. (1999) studied bleeding of cement based grouts as a function of w/c ratio, grain 

size, sample height, age of cement and inclination of the specimen. 

Micro cements are highly reactive cements due to a large grain surface and therefore could be 

age sensitive (Eriksson et al., 1999). Figure 37 shows bleeding differences between grouts 

based on new and 7 months old UF12 cement. The grout with newly produced cement showed 

a larger bleeding and the reason according to Eriksson et al. (1999) could be flocculation, 

which means that older cement is more flocculated. 
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Figure 37: Bleeding of grout based on newly produced and 7 month very fine-grained cement (UF12). W/c 
ratio is 2.5 and the sample height is 36 cm. From Eriksson et al. (1999). 

Eriksson et al. (1999) also studied how different inclination and sample height influence 

bleeding. The height of the specimens in the performed tests was 500 mm with a diameter of 

10 mm and grout was based on INJ30 cement with a w/c ratio of 2. The results of these 

measurements are shown in Figure 38 and Figure 39. The test with vertical samples showed 

that the higher sample gives larger bleeding and the bleeding was faster in lower specimens. 

With varying w/c ratios, sample heights and inclination, the authors concluded that grouts 

with higher w/c ratios gives lower bleeding for lower samples and when inclination is 

approaching the horizontal plan. 

 

Figure 38: Bleeding (Vbleeding/Vinit) after 24 h for different inclination of the specimen. Sample height 500 
mm. Sample diameter 10 mm. Grout: INJ30 w/c=2. From Eriksson et al. (1999). 
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Figure 39: Bleeding (Vbleeding/Vinit) in solitary pipes and combinations of the pipes after 24 h. Vert.+hor. 
specify the sum of the bleeding in separated vertical and horizontal pipes. The pipe length is 
500 mm and has a diameter of 10 mm. Grout: INJ30 w/c=2. From Eriksson et al. (1999). 

2.9 Conclusions 

The literature study showed that bleeding is a complicated issue governed by different 

processes and factors such w/c ratio, cement specific surface, viscosity of the water, sample 

height and hydration. W/c ratio is the single most important factor which influences bleeding 

of cement based grout. 

Factors such grain size, grain size curve and sample height have not been studied as detailed as 

the w/c ratio. 

A number of models of different authors have been presented. These models can be used to 

determine the rate and size of bleeding but they are all developed for thick cement pastes 

based on ordinary Portland cement and are not verified for grout with a higher w/c ratio and 

micro cement which have a much larger specific surface. 

Bleeding can be shown to be caused by sedimentation and consolidation (Powers 1939, Tan et 

al. 1987, Radocea 1992, Tan et al. 1997, Rosquoet et al.2003). The amount of the bleeding is 

influenced by hydration and flocculation (Yang et al. 1997, Juenger 2005) and different factors 

in the grout, such as the water to cement ratio (w/c), particle size distribution and cement age 

(Houlsby 1990, Eriksson et al. 1999, Rosquoet et al.2003). 

Tan et al. (1997) have developed a model for calculating bleeding in cement pastes with a 

larger sample height and with ordinary Portland cement. In this study, it was concluded that 

consolidation is the dominant process that governs the bleeding in cement paste with a w/c  

ratio (by volume) of 1.4 performed with ordinary Portland cement. In cement paste with a w/c 

ratio (by volume) of 1.6, the bleeding is the result of a combination of consolidation and 

sedimentation. Sample height varied between 32 and 252 mm. 

In another study carried out by Rosquoet et al. (2003), sedimentation of grout was studied 

with -densitometer. Their definition of sedimentation includes, however, both sedimentation 

as defined in this study, and consolidation. The sedimentation measured with the -

densitometer shows how density changes over time in a sample of 1400 mm in height. In this 

study ordinary Portland cement was also used. 
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Yang et al. (1997) have studied inter-particle potential and sedimentation behavior of cement 

suspensions. They showed that a cement suspension is rather flocculated and particle-size 

distribution does not change with sedimentation along sample height. The sample height was 

90 mm; cement was ordinary Portland cement corresponding to ANL cement used in this 

study. The w/c ratio was 1. 

Juenger (2005) has studied hydration of cement. The picture in Figure 9 shows a cement 

particle after 20 minutes of hydration. It has to be considered that the products of hydration 

on the particle surface influence the compaction ability of cement particles. The picture in 

Figure 12 shows three flocculated cement particles after 30, 65 and 158 min, respectively. 

How flocculation influences bleeding will be described in the hypothesis below. 

There are however some unanswered questions. There is no clear picture of how final porosity 

is influenced by a different grain size curve and different hydration rate. Other factors of 

influence can be sample height which is different in grouting than in the other application 

fields. 
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3 Hypothesis: Bleeding of cement-based grouts 

Based on the literature study and my own research, a hypothesis of the bleeding of grout is 

developed. Sedimentation and consolidation cause bleeding and flocculation and hydration 

influence it. Figure 40 and Figure 41 illustrate the hypothesis based on these processes in the 

system. 

Sedimentation of the grains 

Initial distance between the grains is governed by w/c ratios. If the grains in the initial grout 

are not in contact they will sink to the bottom of the sample. This is defined as sedimentation 

of the grains. Sedimentation results in a water layer at the top of the sample which is bleeding 

of the grout. The greater initial distance between the grains the greater bleeding. 

Consolidation of the grains 

By sedimentation, the grains sink to bottom and over time other grains and flocks settle on top 

of these particles resulting in overload forces. These overload forces will consolidate the grout, 

which reduces porosity and increases bleeding. The amount of bleeding due to consolidation 

depends on the overloading forces and compressibility of the grout.  

Influence of flocculation 

One important factor which influences the compressibility of the grout is flocculation. The 

grains (1, 2 and 3) in Figure 40 are assumed to be flocculated which implies the existence of 

some attractive forces between them. The consequence is that the grains settle as a flock. 

When they land on the underlying grains, as illustrated in Figure 40, they stop. The attractive 

forces between grains 1, 2 and 3 hold grain 1 up. This results in a large pore under the flock 

which increases porosity and decreases bleeding. This means that besides the overloading 

forces, the shape of the grains and the grain size distribution, the volume of this large pore 

also depends on flocculation and hydration of the grains surface as illustrated in Figure 40. 

Grain 1 will be consolidated during further sedimentation of other grains (position 1’’, Figure 

40) and the pore under it will be reduced if the overload forces are stronger then the attractive 

forces. 

Fine-grained cement is more flocculated than coarse cement due to stronger attractive forces 

between the grains, thus porosity will be higher and bleeding lower in a grout based on fine-

grained cement. 

Influence of hydration 

Influence of hydration is larger in fine-grained cement due to a much larger cement surface 

and a relatively greater enlarging of the particles. This causes a higher porosity in the grout 

giving a lower bleeding. 

Influence of sample height on bleeding of grouts based on coarse and fine cement 

As mentioned above, the coarser cement generally gives larger bleeding due to a lower 

influence of hydration and flocculation. This could be seen in Figure 41. 
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There is a maximum sample height for each grout where overload forces are small and cannot 

consolidate the grains. Up to this sample height the bleeding is just a result of the 

sedimentation. 

The attractive forces between the grains, illustrated in Figure 40, are weaker in the coarser 

cement which implies that this grout could be consolidated by lower overload forces. This 

means that the bleeding caused by consolidation increases significantly with a relatively low 

sample height which is shown in Figure 41. 

In the fine cement the attractive forces are stronger than in the coarser cement, so higher 

overload forces are needed for consolidation. This implies that the maximum sample height is 

larger in fine cement where bleeding is caused only by sedimentation. At higher sample 

heights, the bleeding increases due to consolidation. 

For higher sample heights, friction between the grout and the wall of the cylinder (boundary 

condition) influences bleeding by slowing down and reducing consolidation. The influence is 

larger on grout with fine cement due to larger contact surface for the same w/c ratio. At some 

sample heights this influence will totally counteract the self-weight which will decrease the 

bleeding. 

 

Figure 40: Porosity in grout influenced by flocculation and hydration of grains. 
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Figure 41: Bleeding model for grouts based on coarse and fine cement as a function of sample heights 
with the same w/c ratio. 

For studying the bleeding and testing the hypothesis, two different measuring methods are 

used. One is the “cylinder” method as illustrated in Figure 14. This method is used for sample 

heights from 5 to 700 mm. The other method is the “slot” method, where the sample height is 

0.5 mm. The cylinder method is a static method, which means that grout does not flow 

(penetrate) during bleeding. On the contrary, during bleeding measurements by a slot method, 

grout could penetrate and bleed at the same time which may influence the final bleeding. 
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4 Bleeding measured with cylinder method. 

4.1 Performed tests with cylinder method 

Three different test series are performed with the cylinder method. In the first series, bleeding 

of cement-alcohol suspension is compared with bleeding of cement grout. The aim of these 

tests is to measure influence of hydration and flocculation on bleeding. The proportion of the 

porosity caused by hydration and flocculation is a measure of the compressibility of the grout. 

In the second series cement quality is varied regarding the grain size curve. In addition to 

measuring bleeding, the final density along the sample height is also measured to determine 

sedimentation and consolidation in the grout. The interesting question is how strong the 

bonds are between the grains in these grouts, based on different cements. 

In the third series, bleeding is tested by varying sample height. The aim of the tests is to 

determine the influence of sample height on consolidation and bleeding in grouts with coarse 

and fine-grained cements. 

Table 5 shows performed tests with cement-alcohol suspension and cement-water suspension 

with ANL and UF12 cement where w/c and a/c ratios are varied. A sample height of 10 mm is 

chosen to minimize the influence of consolidation. To retain the same particle concentration in 

an alcohol-cement suspension as in a corresponding water-cement suspension, the amount of 

the alcohol in the alcohol-cement suspension is measured in liters because alcohol has a 20 % 

lower specific weight. Thus the a/c is defined in this study as (liters of the alcohol/ kg of the 

cement). 

Table 6 shows the performed tests, where cement sort as well as the w/c ratio are varied. The 

sample height is 250 mm. Table 7 shows the performed test where the sample height is varied. 

Table 5: Performed bleeding test by water and alcohol mixture with ANL (coarse) and UF12 (very fine 
cement) cement. Sample height is 10 mm. 

Cement w/c a/c 

ANL 2 2 

ANL 0.5 0.5 

UF12 2* 2 

*test from Table 6 (sample height is 250 mm). 

 

Table 6: Performed bleeding tests where cement grain size curve and w/c ratios are varied. The layer 
densities were also measured in the final-bled sample. Sample height is 250 mm. 

w/c 
ANL 

(coarse cement) 

INJ30 

(fine cement) 

UF12 

(very fine cement) 

2 x x x 

1 x x x 

0.8 x x - 
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Grout 
Sample height [mm] 

5 10 30 100 250 700 

INJ30, w/c=2 x x x x x x 

ANL, w/c=2 x x x x x - 

4.2 Cement used in the tests, mixing and measuring 

The particle size distributions of cements used in the tests are already presented in part I in 

Figure 7. Here is a brief repetition of the cements used in tests in this part of study. ANL 

cement, in this study defined as coarse cement, has d95 of 128 µm. INJ30, defined as relatively 

fine-grained cement, has d95 of 32 µm and UF12, defined as very fine-grained cement has d95 

of 12 µm. The picture in Figure 42 shows the mixer used for mixing the grouts. 

Density in these tests is measured by mud balance. In some cases, when the volume of the 

grout in the upper layer of the samples was not enough to fill up the vessel of the mud 

balance, a certain volume of grout is weighed and density is calculated. The cement was stored 

indoors and ordinary Stockholm tap water was used. The mixing time was 4 minutes and every 

batch contains 4 l water. Bleeding is measured in cylinders with diameters of 100mm. The 

amount of bleeding is measured by taking photos with a web camera for sample heights 

between 30 and 700mm. Every picture gets a time stamp which gives bleeding in time. When 

bleeding is measured for low sample heights (5 and 10mm) a cylinder of 10mm height is used 

and photos are taken by an ordinary camera. The time of every picture is noted. 

Table 8 shows the calculated density and porosity without hydration and with the 5 and 10 % 

hydrated cement mass of some interesting w/c ratios. The calculation of the porosity in 

partially hydrated cement is calculated on the basis that 1kg of cement needs 0.25kg water for 

100% hydration, (Betonghandbok, 1994). The 5% and 10% hydration is assumed for respective 

coarse and fine cement after mixing. The hydration after one hour does not change 

significantly due to the dormant period.  

 

 

Figure 42: The mixer used to mix the grouts in this study. 

 

 

Table 7: Performed bleeding tests where sample height is varied. 
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Table 8: Calculated density and porosity of some interesting w/c ratios. 

w/c 2 1.3 1 0.8 

Density [g/cm3] 1.29 1.42 1.52 1.61 

Porosity without hydration [%] 86.3 80.3 75.9 71.6 

Porosity with 5% hydration [%] 85.7 79.6 74.9 70.5 

Porosity with 10 % hydration [%] 85.2 78.8 74.0 69.3 

4.3 Test with alcohol 

4.3.1 Estimation of the influence of hydration and flocculation on bleeding by test 

with alcohol 

Based on the general hypothesis, the total porosity in a grout is partially dependent on 

overload forces, the shape of the grains, grain size distribution, partially on flocculation and 

partially on hydration of the grains, (Figure 40). 

The porosity in the final-bled cement-alcohol suspension will not be influenced by hydration 

and flocculation since cement grains in alcohol do not hydrate and, according to Yang et al. 

(1997), a cement-alcohol mixture would not flocculate. Thus, part of the porosity caused by 

hydration and flocculation in grout could be estimated by the subtraction of the bleeding of 

the grout from the bleeding of corresponding cement-alcohol mixture. 

To minimize the influence of consolidation, the chosen sample height is relatively low (10 mm). 

4.3.2 Results and discussion of the influence of hydration and flocculation on 

bleeding estimated by tests with alcohol 

The bleeding of the ANL w/c=2 grout was 58% and the bleeding of corresponding cement-

alcohol suspension was 75%. Subtraction of these two bleedings gives the pore-volume of 17% 

of the initial sample’s volume. This pore-volume in the final-bled grout is caused by hydration 

and flocculation. 

The bleeding result of ANL w/c=0.5 was just a thin film of water at the cement surface which is 

considered as null bleeding. This proves that all voids are saturated. The bleeding of the 

corresponding cement-alcohol suspension was 18%. This gives a pore volume in the final-bled 

grout caused by hydration and flocculation of 18% of the initial sample’s volume which is 

approximately the same as for ANL w/c=2. 

The UF12 w/c=2 grout also had, like ANL w/c=0.5 grout, only a thin film of water at the cement 

surface which is also considered as null bleeding. The measured bleeding in the corresponding 

cement-alcohol suspension was 60 %. The resulted reduction of pore-volume in the final-bled 

grout caused by hydration and flocculation is 60% of the initial sample’s volume. 

The comparison between the pore volumes caused by hydration and flocculation show that 

the UF12, w/c=2 grout is 3.5 times more influenced by hydration and flocculation than the 

ANL, w/c=2. 

The final porosities also were calculated in samples and parts of the final porosities caused by 

hydration and flocculation. See Figure 43.  The UF12 w/c=2 grout is stable even for 86% 

porosity calculated without hydration. Alcohol-cement suspensions with ANL cement give a 
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final porosity of around 50% which is approximately the same as the porosity in inert material 

in this range of particle-size. For example, uniform inorganic silt has a max porosity of 52%, 

Lambe and Whitman (1979). This assumed porosity means that part of porosity above 50%, in 

grouts based on ANL cement, is caused by hydration and flocculation. 

 

Figure 43:  Estimated porosities by alcohol-method of the ANL, w/c=0.5, ANL, w/c=2 and of the UF12, 
w/c=2 grouts. Sample height in the experiment with UF12 was 250 mm. This is the test from 
Figure 44 a). 

4.3.3 Conclusion 

By the test with alcohol, it has been possible to estimate the magnitude of the influence of 

hydration and flocculation in a grout. The tests with alcohol have verified that grout with fine-

grained cement is much more influenced by hydration and flocculation than grouts with coarse 

cement. This results in reduced bleeding and higher porosity. 

4.4 Tests with coarse, fine and very fine-grained cement  

4.4.1 Bleeding and consolidation for different hydrated and flocculated grouts  

The measuring with alcohol has shown that the possible volume for consolidation in ANL is 

approximately 17% of the initial volume and 60% in UF12 based grouts. Another question is 

therefore how strong the bonds between flocculated particles are in different grouts. Can an 

increased sample height consolidate the particles and give a larger bleeding? This has been 

studied by measuring bleeding and layer densities in grouts based on three different cements 

(ANL, INJ30, UF12) and three different w/c ratios (2.0, 1.0, 0.8). The sample height was 250 

mm. 

An increase in density towards the bottom in very fine-grained grouts will mainly be the result 

of consolidation. The reason is that these grouts are flocculated and the particle size 

distribution along the sample height does not change during sedimentation. The particles 

settle in flocks, as mentioned in paragraphs 1.1 and 2.5 part II.  

An increased density in coarser grouts could partially be a result of consolidation and partially 

due to sedimentation. Sedimentation could influence the density along the sample height due 

to that larger particles settle faster and will be more concentrated at the bottom. 

Subsequently the finest particles will be more concentrated at the top of the sample. Since the 

finest particles are much more influenced by hydration and flocculation, this contributes to a 
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lower density at the top in a final-bled coarse grout. The density difference between the top 

and bottom will be larger at a higher w/c ratio and higher sample height. 

4.4.2 Results and discussion of bleeding and consolidation for different hydrated 

and flocculated grouts  

Figure 44 shows measured bleeding for the three different cements (ANL, INJ30 and UF12) and 

the three different w/c ratios (2, 1, 0.8). The increasing of the w/c ratio gives larger bleeding 

because of a larger initial distance between the particles. See Figure 44 d). Figure 45 shows 

measured layer densities for these grouts based on ANL and INJ30. 

The grouts with UF12 did not give any bleeding. The grout UF12, w/c=2 only had a thin film of 

water at the grout’s surface. This might mean that w/c=2 is the largest w/c ratio which does 

not give any bleeding for this sample height. 

The measured layer densities did not show any consolidation in the in UF12, w/c=2 and w/c=1 

grouts. The density was constant along sample height. The attractive forces between the 

particles were strong enough to prevent consolidation of the grout even at the bottom of the 

sample where self-weight is largest. 

The grout with ANL cement and a w/c ratio of 2 gives a large bleeding, as much as 62%. It is 4% 

more than bleeding in the corresponding grout from the previous test tests with alcohol. This 

4% could be the result of a larger consolidation due to the higher sample height. 

The grout with w/c=0.8 had a bleeding of 28%. This also shows that these grouts are not 

significantly influenced by hydration and flocculation as grouts with UF12. 

The measured layer densities in the ANL based grouts showed large differences between the 

top and the bottom of the samples as can be seen in Figure 45. The density differences 

between the top and the bottom of the samples in ANL w/c=1, and ANL w/c=0.8, grouts were 

0.32 g/cm3.These two grouts had similar curves where differential quotient of density versus 

sample height ( ) is highest at the top because of lowest consolidation. Towards the bottom 

of the sample this rate decreases due to a higher consolidation. Both curves end at the same 

density (1.93 g/cm3) at the bottom of the sample. This density could be interpreted as maximal 

density for grouts with ANL cement for this range of sample heights. This is proved by the ANL 

w/c=2 curve which ends at the same density. The measured densities in the tests from 

Rosquoet et al. (2003), where the sample height was significantly higher, (1400 mm), showed 

approximately the same density at bottom of the samples for similar grouts. 

The density differences between the top and the bottom in ANL w/c=2 grout was 0.53 g/cm3, 

which is much larger than in the previous grouts. The particles in this grout are initially very 

sparse and a part of this density difference may be the result of the particle gradient in the 

grout which occurs due to sedimentation. Another reason could be the consolidation and the 

poorer compaction of the particles in the horizontal plane than in vertical plane at the top of 

the sample. See Figure 46.  

The bleeding in the grouts with INJ30, which is fine-grained cement, was relatively large 

although INJ30 is closer to UF12 than to ANL, compared to maximum particle size. Bleeding in 

INJ30 w/c=2 was 50% and decreases with the decreasing of the w/c. See Figure 44 d). This 

could mean that these grouts are either not so significantly influenced by flocculation and 
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hydrations as grouts with UF12 or that self-weight manages to break the attractive forces 

between particles and consolidate them, thus increasing bleeding. The measured density has 

shown a consolidation in these grouts which refers to the second case. 

As shown in Figure 45, the curves for INJ30 w/c=2 and INJ30 w/c=1 are similar (concave) to the 

curves ANL w/c= 1 and ANL w/c=0.8. Density rate also decreases towards the bottom of the 

sample due to higher consolidation. The densities at the bottom in the INJ30 based grouts are 

significantly lower due to a larger hydration and flocculation. 

The grout INJ30 w/c=0.8, has a significantly different curve. The grout is initially dense and the 

entire bleeding is a result of consolidation. Since grout is initially dense, it needs considerable 

self-weight to start consolidation. 

An increase in the bleeding velocity in the system for ANL w/c=0.8 after 120 min (Figure 44 c)) 

is a result of channeling. Channeling is a characteristic for systems with a higher sample height 

and is also a phenomenon which could complicate bleeding. 

Table 9 shows the control calculation of the measured layer densities. In almost all 

measurements the inaccuracy was under 1 % which shows good precision of the measuring. 

Table 9: Control calculation of the measured densities. minit is the initial mass calculated with measured 
initial density, (Table 10). msum is the sum of all masses from the corresponding layer shown in 
Figure 45. 

 Error =  [%] 

W/C ANL 

(coarse cement) 

INJ30 

(fine cement) 

2 -0.7 0.9 

1 -0.8 -0.3 

0.8 -0.8 1.9 

 

Table 10: Measured initial densities of the tests showed in Figure 44. 

grout 
ANL,w/c

=2 

INJ30,w/c

=2 

UF12,w/c

=2 

ANL,w/c

=1 

INJ30,w/c

=1 

UF12,w/c

=1 

ANL,w/c=0

.8 

INJ30,w/c=

0.8 

Measur

ed initial 

density 

[g/cm3] 

1.285 1.290 1.300 1.52 1.52 1.52 1.64 1.61 
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Figure 44: Measured bleeding over time for grouts with coarse (ANL), fine (INJ30) and very fine (UF12) 
grained cements with three different w/c ratios (w/c = 2, w/c = 1 and w/c = 0.8) and final 
bleeding of these tests. 

 

Figure 45: Measured layer densities of final-bled grout shown in Figure 44.The horizontal lines represent 
the grout surfaces after final bleeding for the particular grout. The crosshatched lines are border 
between the layers. 
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Figure 46 : The compaction of grains at the top of the sample in the vertical and horizontal planes is not 
the same. The compaction is better in the vertical plane. The result is a lower density at the top 
of the sample. 

4.4.3 Conclusion 

Bleeding depends on w/c ratio and type of cement. A higher w/c ratio gives larger bleeding 

due to larger initial distance between the particles. Grinding the cement from 30 to 12 µm has 

a greater influence on bleeding than grinding from 128 to 30 µm. 

Grouts with coarse cement are not so significantly influenced by hydration and flocculation. 

Grouts with fine-grained cement are influenced by hydration and flocculation, but self-weight 

manages to consolidate these grouts and give significant bleeding. 

Grouts with very fine-grained cement are significantly influenced by hydration and flocculation 

and self-weight could not consolidate these grouts in the range of the used sample heights. 

4.5 Test with different sample heights 

4.5.1 Estimation of sample height influence on bleeding 

As mentioned in the hypothesis in chapter 3 and illustrated in Figure 41, the coarser cement in 

general gives a larger bleeding due to a lower influence of hydration and flocculation. 

It is further stated that the attractive forces between the grains are weaker in the coarser 

cement which implies that this grout could be consolidated by lower overload forces.  

To test the claims from above, a series of experiments with different sample heights have been 

performed with the coarse (ANL) and fine (INJ30) cement as shown in Table 7. 

4.5.2 Results and discussion of sample height influence on bleeding 

Figure 47 shows measured bleeding for different sample heights of INJ30 w/c=2 and ANL 

w/c=2, grouts. The result shows that bleeding is much more sample height dependent in 

grouts with INJ30. 

The grouts with sample heights of 5 and 10 mm for INJ30 w/c=2 have almost the same 

bleeding which indicates that the critical sample height for INJ30 w/c=2 is around 10 mm. This 

means that up to a 10 mm sample height, bleeding is mainly a result of sedimentation. 

Thereafter bleeding increases significantly and this part of the bleeding is caused by 
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consolidation. In the INJ30 w/c=2 grout with the sample height of 700 mm, the relative 

bleeding was lower than for the sample height of 250 mm. The relatively lower bleeding may 

depend on a higher influence of friction (boundary condition) in this sample. The result shows 

that self-weight in the INJ30-grouts can break bounds between flocculated particles and 

consolidate them up to some critical sample height which is between 250 and 700 mm. Above 

this critical sample height, the friction and arching counteract the consolidation. 

The ANL w/c=2 grouts with the sample heights of 5 and 10 mm give a bleeding of 

approximately 55%. Thereafter the bleeding does not increase as significantly as in the INJ30 

grouts. This could mean that this grout is easily consolidated even for 5 mm sample heights 

due to weaker bonds between the grains. 

According to measurements shown in Figure 47, the consolidation contribution to measured 

bleeding of 50% for the (INJ30, w/c=2, sample height =250 mm) is 76%. The measured result is 

consistent with the hypothesis illustrated by Figure 41. The part of bleeding caused by 

consolidation could not be clearly estimated for ANL by the measurements presented in Figure 

47. 

 

Figure 47: Final bleeding in grouts with different sample heights. 

4.5.3 Conclusion 

The grouts based on coarse cement bleed both by sedimentation and consolidation due to the 

weak bonds between the grains. Bleeding increases marginally by the increasing of the sample 

height.  

The grouts based on the fine cement bleed mainly by sedimentation up to a 10 mm sample 

height. By further increasing of the sample height, the bleeding is mainly resulted by 

consolidation, because the self-weight manages to break the bonds between the particles.  

For significantly higher sample heights, there are other factors which influence the 

consolidation process and relative bleeding decrease. One of the factors could be the friction. 
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4.5.4 Measured bleeding time and velocity of test with varying sample height 

Figure 48 shows the time for 95 % of the final bleeding of the tests presented in Figure 47. 95% 

of final bleeding is chosen to eliminate the time of the last 5 % bleeding which occurs slower. 

The right diagram in Figure 48 shows the average bleeding velocity of tests from Figure 47. It 

could be seen that grouts with ANL bleed faster and bleeding velocity is relative even for 

different sample heights. For sample heights of 250 mm, the velocity is somewhat lower. 

Grouts with INJ30 and lower sample height (5 and 10 mm) have a somewhat lower average 

velocity than grouts with higher sample height. 

In the system with INJ30 and 10 mm sample height, final bleeding of 12 % is finished after 

around two minutes. This gives a bleeding velocity of approximately 10 µm/s. This is somewhat 

lower than the velocity of 14 µm/s measured for the 250mm sample height but is still in the 

same range. With this bleeding velocity, for example, 10% bleeding in a fracture of 200µm 

aperture is finished in 2 seconds which means that bleeding in small fractures may be finish 

during the grouting itself. 

Bleeding in the system of 700mm sample height is finished after 4 hours. Bleeding is 42% and 

lower than in the system of 250mm height. In the system INJ30 w/c=2 and sample height 

700mm channeling occurs. This causes faster bleeding and reduces bleeding time. 

 

Figure 48: Time for 95% of final bleeding and average velocity in grouts with different sample heights. 

4.5.5 Conclusion 

In sample heights in a range of 1 mm, bleeding occurs quickly and will normally be finished 

during grouting itself. This implies that this bleeding may be regrouted with new coming grout. 
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5 Bleeding measured with a long slot 

As calculated in the previous chapter, it is possible that 10 % bleeding in a horizontal fracture 

of a 200 µm aperture may be finished during 2 seconds. This implies that bleeding taking place 

in the upper part of the fracture could be refilled during grouting itself while bleeding in a 

measuring cylinder could not be refilled. The previous measurements showed that sample 

height also has a significant influence on bleeding for grouts with fine-grained cement. The 

lowest sample height was 5 mm which is 25 times higher compared to a 200 µm horizontal 

aperture. 

In this chapter another way of measuring bleeding will be presented. The bleeding is measured 

by a long slot. The aperture of the slot is 0.5 mm which is in the same range as fractures in the 

rock. The length could vary between 2 and 8 m, and bleeding could also be refilled during 

grouting. 

5.1 Bleeding and refilling of grout in a slot (hypothesis) 

Figure 49 illustrates a slot grouted with a relative high pressure and short time. The flow could 

be turbulent and grout could be “mixed” during penetration. The bleeding occurs after 

grouting. There is no refilling in the system, and grout surface will be flat and even along the 

whole length. 

 

Figure 49: An idea of bleeding of the grout in a slot aperture of 0.5 mm. The slot is grouted with relatively 
high pressure (high flow) and short time. 

Figure 50 illustrates an idea of refilling of the bleeding in the slot during grouting. The slot is 

grouted with relatively low pressure and a longer time. After a certain time, the penetration 

velocity will be “very” low and grout can bleed without “mixing”. The new grout will press the 

bleeding forward and regrout the upper part of the slot. 

 

Figure 50: An idea of bleeding and refilling of the grout in a slot aperture of 0.5 mm. The slot is grouted 
with relative low pressure (low flow) and for longer time. 
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5.2 Measuring equipment 

For measuring bleeding in a slot as described in Figure 49 and Figure 50, special measuring 

equipment has been built. Figure 51, Figure 52 and Figure 53 illustrate this equipment. Figure 

51 shows a longitudinal section of the slot. The metal plates are 2 m in length and they can be 

set together to form a 2, 4, 6 or 8 m long slot. Figure 52 shows a cross section of the metal 

plates and the photo shows the end of the slot. In the lower plate a channel of 0.5 mm deep 

and 100 mm wide is formed. The assembled plates build a slot which is marked on the photo in 

Figure 52. In the lower plate at the contact surface with the upper plate, another slit is created 

to contain the gummy rubber which seals an eventual leakage. This could be seen at the right 

side of the photo in Figure 52. This slit is partially filled with silicon through the assemblage of 

the plates to prevent an eventual water flow from R1 through the slit to R2 during the 

transmissivity measurements. 

 

Figure 51: Sketch of a longitudinal section of the slot. The upper figure illustrates the slot before grouting 
and the lower figure illustrates a grouted slot during transmissivity measurement. The water 
flows from the pipe R1 between the final-bled grout and the upper plate to the pipe R2. 

 

 

Figure 52: Sketch of the cross section of the slot and photo of the end of the slot. 
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Figure 53: Some photos of the slot during grouting (1) and visual examination (2). 

5.3 Description of the performed tests 

A slot of a certain length could be grouted in two different ways. One way is when grout passes 

to the end of the slot and grouting continues some more time, (Figure 54 a). Another way is 

when grout does not reach the end of the slot, (Figure 54 b). The essential difference between 

these two grouting methods is grouting flow. In the first case the flow will be constant and 

relatively high after that grout reached the end of the slot. In the other case, the flow will 

decrease significantly and be “very” low after that grout has reached some penetration length. 

 

Figure 54: Illustration of two different methods to grout a slot. 

The first grouting method, when grout passes through the slot and the flow continues for a 

certain time, is used to test the hypothesis illustrated in Figure 49 where bleeding occurs after 
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grouting and without refilling. The slot is grouted for a relatively short time, both with “high” 

pressure (4 bars) and “low” pressure (0.14 bars). The second grouting method, when grout 

stops in the slot, is used for testing the hypothesis illustrated in Figure 50 where bleeding can 

occur and refilling is possible. The slot is grouted with “low” pressure (0.14 bars) and for a 

relatively long time. 

The tests are performed with INJ30 w/c=2 and ANL w/c=2 grouts. The grout recipe is the same 

for all tests as in the cylinder method (4l water, 2kg cement) and the grouts are mixed for 4 

minutes by the laboratory mixer shown in Figure 42. 

Table 11 shows the performed tests. There are three different grouting methods and two 

different slot lengths. Each name in the table presents one measurement. Some tests are 

performed twice to test repeatability of the measuring method. 

Table 11: Performed test with INJ30 w/c=2 and ANL w/c=2 grouts. 

Slot 

length 

[m] 

Grout 

Grouting method 

High grouting pressure 

(4 bars) 

Low grouting pressure (0.14 bars),  

grout reaches end of 

slot 

grout reaches end of 

slot 

grout stop in slot 

2 
INJ30 w/c=2 LSS3 LSS6, LSS10 - 

ANL w/c=2 - LSS4, LSS12 - 

8 
INJ30 w/c=2 LSS2 - LSS8, LSS11 

ANL w/c=2 - - LSS13, LSS18 

 

5.4 Estimation of bleeding by transmissivity measuring 

The final bleeding in a slot could be estimated by measuring the transmissivity as illustrated in 

Figure 51 and appendix 1. The upper sketch in Figure 51 shows a longitudinal section of the 

slot before grouting and the lower sketch illustrates the grouted slot during the transmissivity 

measuring. The slot is first grouted and, after approximately 20 hours of cement hardening, 

bleeding is estimated by measuring the water flow between pipes R1 and R2. The water flows 

through the slot between the bled grout and the upper plate. 

To perform the transmissivity test, two measuring pipes are connected to the slot as illustrated 

in Figure 51 and the grouting hole and the outlet are plugged. If some water flow occurs, the 

grout has bled. 

“Cubic law” describes the water flow between two parallel plates. The equation which 

describes the amount of bleeding in a slot is derived and shown below. 

3
12

w

q mµ
b

n h
 (II.31) 

As could be seen from the equation for estimating bleeding (b) the flow (q) and pressure (∆h) 

in a given time must be measured. The derivation of the equation (II.31) and the other 

parameters in the equation are shown in appendix 1. 
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Figure 55 shows the measured water height over time in pipes R1 and R2 from test LSS3. Every 
measuring point is estimated from a picture where the water level in a pipe is shown at a given 
time. The water height is measured in both pipes and ∆h is calculated from the fitted water 
heights. The flow in R1 (q1) and R2 (q2) shown at the right side in Figure 55 should be the 
same (Figure 51). They are almost identical which shows the accuracy of the water height 
measuring method. Flow (q) is the average flow of q1 and q2 in a given time. Bleeding could be 
calculated for different times during measurements. 
 

 

Figure 55: The left diagram shows the measured water height h1 in pipe R1 and h2 in pipe R2 over time. 
The right diagram shows the calculated flow in both pipes. 

5.5 Results of the performed tests 

The presentation of the test results starts with those tests when grout reaches the end of the 

slot and the possibility for refilling is the lowest. Thereafter the tests are presented when grout 

stops in the slot and where refilling may occur. Finally the results are presented by the side 

positioned slot where sample height is 100 mm. 

5.5.1 Tests when grout reaches the end of the slot (constant flow, no refilling in the 

system) 

The hypothesis illustrated in Figure 49, where bleeding occurs after grouting and grout surface 
is flat and even along the entire length, is tested with these measurements. 

Test with short slot (2m) and high pressure (4bars); LSS3 

This tests is performed with INJ30 w/c=2 grout. Grouting time (tg) was 6 seconds and the time 

the grout needed to reach the end of the slot (t0) was 1.5 seconds. The flow of water between 

the pipes R1 and R2 proves bleeding of the grout and ocular examination proves that grout 

surface was even and flat along the whole slot. See the photos in Figure 56. There is no contact 

between the grout and the upper plate. No refilling could be observed in the system. The 

marked level difference in the photo in Figure 56, between the grout surface and the contact 

plane of the lower plate, where a washer of 0.5 mm thickness is placed, is the bleeding of the 

grout. This bleeding is calculated to 80µm and could be compared with the thickness of the 

washer. Table 12 shows the calculated bleeding for different times. 
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Figure 56: Bleeding of the grout in test LSS3 .The thickness of the paced washer is 0.5 mm. 

Table 12: Calculated bleeding for various times based on flow and water height from Figure 55. 

Time [s] 175 500 1000 1500 

Bleeding [µm] 81 82 77 80 

Bleeding[%] 16 16 15 16 

Test with the long slot (8 m) and high pressure (4 bars); LSS2 

The next alternative to increase the possibility for refilling is using a longer slot. The grouting 

time (tg) in this test was 16 seconds. The grout reached the end of the slot (t0) after circa 6 

seconds which gives an average grout velocity of 1.3 m/s. The volume of the grout that passed 

through the slot was approximately 2 times the volume of the slot. 

The visual control in this test also showed an even grout surface without any channels or 

contact with the upper plate. The calculated bleeding of 127µm or 25% was the same for all 

chosen times (500, 1000 and 1500s). This is a higher result than bleeding measured in 2m slot 

and high pressure. 

Test with the short slot (2m) and low pressure (0.14 bars); LSS6, LSS10, LSS4, LSS12 

The next alternative to increase the possibility for refilling is using sort slot and a lower 

pressure. 

Tests performed with INJ30 w/c=2 grout are LSS6 and LSS10. The grouting time (tg) in both 

tests was 15 minutes. This should increase the possibility of refilling. The time for grout to 

reach the end of the slot (t0) in LSS6 was 21 seconds and in LSS10 18 seconds. 

The bleeding of these two tests, presented in Table 13, was approximately the same which also 

verified the repeatability of the measuring. The tests give approximately the same result as the 

LSS3 test with the “high” pressure. The bleeding in these tests was around 2% lower. 

Visual control showed small parallel channels at some places on the grout surface in both 

tests. The channels were more developed in LSS6. 

LSS4 and LSS12 tests are performed with ANL w/c=2 grout. The grouting time (tg) was 123 

seconds and the time for the grout to reach end of slot (t0) was 23 seconds in the both tests. 
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Table 13 shows the results of the calculated bleeding for the respective test. They are 

principally the same which proves the repeatability of the measuring method. The measured 

bleeding of around 35 % is also a reasonable result. 

The visual examination also showed an even grout surface without refilling. See the photos 
with the washer in Figure 57 (LSS4, LSS12). 

The lower photo with a ruler in Figure 57 from test LSS4 is taken approximately 15 cm from the 

end of the slot. It is the same place where the washer is placed in the photo above. The ruler is 

placed across the slot as showed in Figure 57 and illuminated from behind. The camera 

objective is positioned at the same level as the grout surface when the picture is taken. The 

bleeding of 180 µm is estimated by zooming and measuring the part of the photo under the 

ruler as illustrated in the figure. The result is the same as the result estimated by the 

transmissivity measuring method. 

Table 13: Calculated bleeding for test performed by INJ30 w/c=2 and ANL w/c=2 grouts when grout 
reaches the end of the slot. 

 
INJ30 w/c=2 ANL w/c=2 

LSS6 LSS10 LSS4 LSS12 

Time [s] 0 500 1000 500 1000 1500 2000 50 100 150 50 100 150 

Bleeding [µm] 70 76 82 68 73 77 81 178 168 154 160 174 188 

Bleeding [%] 14 15 16 13 14 15 16 35 33 31 32 35 38 

 

 

Figure 57: The photos from LSS4 and LSS12 tests. 

Conclusion from the performed tests when grout reaches end of slot 

The visual control in the test with a short slot and high pressure showed that grout surface was 

even and flat along the whole length and that water flow takes place over the whole grout 

surface. The water flow may principally be assumed as flow between two parallel plates and 

transmissivity measurements gave the reasonable results. 

During grouting of a short slot with high flow and a short time, refilling does not occur. 



Bleeding and bleeding measurement of cement–based grout 

 

80                                                                                                                                                             KTH 

When grouting was finish, the bleeding caused a remaining aperture along the whole slot-

length of around 16% of the slot aperture which is in the same order of magnitude as for 

cylinder methods (12%). 

Even in the test with the long slot and high pressure there is no refilling during grouting. The 

remaining aperture is only the result of bleeding which takes place after grouting, as in the 

case of a short slot and high pressure. 

Grouting in a short slot and low grouting pressure, with a lower grouting flow and longer 

grouting time but without flow stop does not give any significant refilling. The grouting flow is 

not low enough. The bleeding after grouting caused a remaining aperture of the same 

magnitude as after grouting by high pressure. 

A higher measured bleeding of ANL w/c=2 grout than INJ30 w/c=2 is an expected and 

reasonable result which also strengthens the accuracy of the measured method. 

The bleeding estimated by transmissivity measuring was the same as the bleeding estimated 

by the photography method which confirms the accuracy of the results measured by the 

transmissivity method. 

5.5.2 Tests when grout stops in slot (very low flow at the end of the grouting, 

refilling occur in the system) 

These tests present the other way of slot-grouting where grout stops in the slot. The flow 

decreases significantly at the end of the grouting. This “very“ low flow implies a longer 

bleeding time and a steady grout flow without mixing. The remaining aperture caused by 

bleeding could be grouted again by new coming grout which is defined as refilling. 

Tests with the long slot (8 m) and “low “pressure (0.14 bars); LSS8, LSS11, LSS13, 

LSS18 

The tests performed with INJ30 w/c=2 grout are LSS8 and LSS11. The grouting time (tg) in both 

tests was 30 minutes. In test LSS8 the grout penetrated 5.5 m in the slot. In another test, with 

a 4 m slot and same grout and pressure, the grout reached the end of the slot (t0) after 2 

minutes and 9 seconds. Based on this measurement, the last 1.5 m of penetrated length in 

LSS8 was grouted during 28 minutes. Probably, the majority of these 28 minutes passed while 

grouting the last meter. 

The transmissivity measurement gave a bleeding of 44 µm or 9% which indicates refilling in the 

slot.  

The visual examination confirmed that refilling has taken place in the system.  See Figure 58. 

The first 1.8m part of the slot has the largest contact surfaces. From 1.8 to 2.6m the contact 

surface is less, and in the last part of 2m length the grout has an even surface without any 

contact. The photos in Figure 59 show the front of the refilled grout at distances of 4.9m, 5.2m 

and 5.4m. This strengthens the hypothesis of refilling illustrated in Figure 50. 
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Figure 58: A photo from test LSS8 shows grout surface between 44 and 73 cm. The darker surface is 
contact surface. The lighter surface is the channels. 

 

Figure 59: The photos from test LSS8 show the fronts of the refilling grout at 490, 520 and 540 cm 
distances as illustrated in Figure 50. It could also be seen that grout surface is very even and 
that grout stopped at 5.44 m distance. 

Test LSS11 showed a result similar to LSS8. The difference was that contact surface and 

channels were developed along almost the entire penetrated length, which was 5.86m (7%. 

longer). A longer refilling length also resulted in a lower bleeding of 19µm or 4%. 

The tests performed with ANL w/c=2 grout are LSS13 and LSS18 .The grouting time (tg) for both 
tests was 30 min. The penetration in LSS13 was 4.49m and in LSS18 4.56m. The almost the 
same penetration length also showed the repeatability of the measuring method. 

The measured bleeding results are quite the same, 14% in LSS3 respective 18% in LSS18. The 
lower bleeding compared to the tests when grout reaches the end of the slot (LSS4, LSS12) was 
an expected result and indicated refilling which was also confirmed by ocular examination. 

The left photo in Figure 60 shows the place in the LSS18 test where the contact surfaces end 
and grout surface becomes even in the rest of slot. This could be interpreted as the length of 
the refilled bleeding (3.88m) in LSS18. The other interesting thing shown in the right photo in 
Figure 60 is the refilling front at a distance of 3.92m. The same refilling process occurred in test 
LSS8 as shown in Figure 59 for INJ30 which furthermore strengthens the hypothesis about 
refilling (Figure 50). 

refilling front
refilling frontrefilling front
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Figure 60: The photos from LSS18. The left photo shows the end of contact surfaces at 3.88 m. The right 
photo shows refilling front of the grout at 3.92 m.  

Conclusion from the performed tests when grout stop in the slot 

The performed tests when grouts reach the end of the slot showed that grout surface after 

bleeding is even and refilling is not observed by visual observation. When the slot is grouted 

with very low flow and over a longer time, refilling occurs in the system which could be 

validated by visual examination. The transmissivity measurements also indicate refilling in the 

system and give a measure of the transmissivity of the channels. 

5.6 Bleeding measured with the slot positioned on its side. Sample height is 

100mm. 

Another possible use of this slot for measuring, is to position the slot on its side and measure 

bleeding. In this case the sample height is 100mm but distance between sample walls is 

0.5mm. Therefore it is expected that bleeding could be influenced by arching and friction 

between the grout and the walls. These measured results could be compared with the results 

measured by the cylinder method, with sample height of 100mm and sample diameter of 

100mm. 

Besides testing of the possible arching and friction, refilling in the system is also tested. 

Test description  

The slot is grouted with “high” pressure over a short time and with “low” pressure over a 

longer period of time. In both cases the grout reaches the end of the slot. Table 14 shows the 

performed tests. The grout used is INJ30, w/c=2. Tests LSS14 and LSS15 are grouted with 

“high” pressure (4 bars) during circa (tg) 6 seconds and the grouts reached the end of slot (t0) 

after circa 1.5 seconds in both tests. Tests LSS16 and LSS17 are grouted with “low” pressure 

(0.14 bars). The grouting time (tg) was 15 minutes and the grouts reached the end of the slot 

(t0) after approximately 16 seconds in both tests. The outlet of the slot is sealed after grouting. 

The grouts are mixed as in the previous tests and the slot length is 2m. 

refilling front
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Results 

The results of these measurements are showed in Table 14. In the slot grouted with high 

grouting pressure without refilling, the bleeding was ca. 32%. This is a somewhat lower result 

than bleeding of 37% measured by the cylinder method, (Figure 61). The difference of 5% 

could be a result of arching and friction in this system. 

In the slot grouted with a lower grouting pressure, the bleeding was 23%. The difference of 

circa 10% must be a result of refilling in the system 

Table 14: The results of the performed tests with the slot positioned on its side. Grout INJ30 w/c=2. Slot 
length is 2 m. 

Grouting 

method 

High grouting pressure (4 bars),    

grout reaches end of slot 

Low grouting pressure (0.14 bars), 

grout reaches end of slot 

Tests LSS14 LSS15 LSS16 LSS17 

Bleeding[%] 31 33 23 22 

5.7 Conclusions from the measuring by the slot method 

There are principally two different methods of grouting a slot. The first method is when grout 

reaches the end of the slot relatively fast. Thereafter the flow is principally constant and 

relatively high. In this case no refilling takes place and the remaining aperture in the grouted 

slot is only the result of the bleeding. The magnitude of the bleeding is possible to estimate by 

transmissivity measurements. This can be verified by visual examination and photo analysis. 

The other method to grout a slot is when grout stops in the slot. In this case, grout flow will 

after a while be “very” low and refilling occurs in the system. The remaining aperture 

determined by transmissivity measurements is a measurement of the transmissivity of the 

channels. Water flow is significantly lower and refilling is also confirmed by visual examination. 
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6 Discussion of bleeding results measured with cylinder and slot 

methods  

The bleeding of INJ30 w/c=2 grout measured with the slot method without refilling follows the 

measuring trend measured with the cylinder method. Only the test with 8m slot and high 

pressure (4 bars), showed a higher bleeding than expected. The reason could be the accuracy 

of the transmissivity measuring with the 8m long slot. The tests when grout stop in the slot 

showed a lower bleeding due to refilling. 

The test with the slot positioned on its side (sample height is 100 mm), with and without 

refilling, showed the expected result. The bleeding tested without refilling was somewhat 

lower than the bleeding tested by the cylinder method and is probably caused by higher 

friction and arching. The bleeding tested with the slot and grouted over a longer time, was 

even lower which must be caused by refilling. 

Bleeding of ANL w/c=2 grout measured with the slot method without refilling was significantly 

lower than bleeding of 5 and 10mm sample height measured with the cylinder method. The 

reason could be that the overload forces could not break the bonds between the particles and 

cannot consolidate them. The sample height is just three times of dmax for this cement. This 

bleeding is just the result of the sedimentation. Compare to INJ30 w/c=2 grout, where bonds 

between the particles are stronger and the grout is not consolidated even at 10 mm sample 

height, the bonds between particles in ANL w/c=2 grout is weaker and the grout is already 

consolidated at sample height of 5mm. Another contribution to this low bleeding could be a 

poorer compaction of the grains in the horizontal plane, as illustrated in Figure 46. 

Both grouts showed significantly less bleeding in tests with refilling. 

 

Figure 61: Bleeding for different sample heights measured with the cylinder and the slot methods. 
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7 Conclusions 

The study shows that the bleeding process is very complex and is governed by different 

physical and chemical processes like sedimentation, consolidation, flocculation and hydration. 

The study showed that consolidation has a low influence on bleeding in fractures. Bleeding in 

the fractures is mainly the result of sedimentation. Sedimentation in a horizontal fracture 

occurs very fast and during grouting itself. The bleeding caused by sedimentation will 

therefore be refilled at least partially. In vertical or inclined fractures, arching and hydration 

will resist the bleeding since the separation process occurs slowly, and a high bleeding will not 

be developed. 

The results measured by standard measuring methods are therefore not representative of 

bleeding in the fractures in rock. The bleeding will be considerably less, if any, in rock fractures. 

Based on the study it can be concluded that grouts with a w/c ratio of 1 based on UF12 and 

INJ30 will not give any bleeding in rock fractures. The grout based on ANL will give a bleeding 

of around 5%. Also the grout with a w/c ratio of 2 based on UF12 will not give any bleeding. 

The grout based on INJ30 with a w/c ratio of 2 will give a bleeding around 5% and the grout 

based on ANL cement around 15%. 

The eventual remaining aperture as a result of bleeding after grouting could be sealed by self-

healing of the fractures due to further hydration of the cement. This phenomenon should be 

studied in further research. 

The additives for reducing the bleeding may also reduce the risk, but their effect is not 

investigated in this study. This could also be a question for further research. 

  



Bleeding and bleeding measurement of cement–based grout 

 

88                                                                                                                                                             KTH 

 



Filtration and penetrability of cement–based grout 

 

KTH             89 

PART III FILTRATION AND PENETRABILITY OF CEMENT-

BASED GROUT 

1 Penetration, plug building and filtration of grains in fracture 

with varying aperture 

To carry out a successful grouting, many different aspects must be taken into account. Many of 

them are discussed by Houlsby (1990), Warner (2004) and Eriksson and Stille (2005). An 

important aspect of grouting is the penetration of the grout, which is defined as the length of 

how far a grout penetrates in the rock through fractures from a bore hole. The penetration in a 

fracture with a constant aperture depends on grouting pressure, water pressure, yield value of 

the grout, and aperture of the fracture, Gustafson and Stille (1996). According to this 

definition, penetration is principally a function of the accumulated friction between the grout 

and the fracture walls where aperture of the fracture is assumed constant along the entire 

length. However, fractures in rock are far from parallel and cannot be described by a simple 

number like fracture aperture. As an improvement to calculate penetration in a more realistic 

fracture, Gustafson and Stille (2005) approximated the aperture of the fracture as a stepwise 

constant over an interval and called it a harmonic mean of the aperture. This aperture is a 

statistical value and is evaluated by measuring the transmissivity of the fractures. 

Beside the accumulated friction, there is another process which can stop the penetration of 

the grout through the fracture. This is a process when cement grains build a stable arch over a 

fracture constriction during penetration and is known as plug building. This is also known as 

filtration. Plug building can as well occur at contact between a bore-hole and a fracture. See 

Figure 62. 

The consideration about this process leads to some interesting questions. Whether or not the 

grains in a grout will build a plug during grouting of a certain fracture and whether the 

properties of this grout can be changed to avoid the plug building? 

 
Figure 62: Illustration of plug building. After Hansson (1994) from Eklund (2005). 
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2 Literature study: Measuring the penetrability and filtration of 

cement-based grouts  

2.1 Sand column 

Sand column is a common method to study penetrability and filtration of cement based grout 

in soil or hard fractured rock. An illustration of measuring penetrability with sand column is 

shown in Figure 63. A glass column is filled with sand with a given particle size distribution and 

grouted with cement grout. The penetration over time is related to the rise in the water level 

in the attached water column. The penetration could also be measured by measuring the grout 

volume at the outlet in a non water saturated sand column. The final penetration could also be 

determined visually by examination of the sand after grouting. In this method pores in sand 

represent channel systems in soil or fracture systems in rock. The porosity of the sand, grain 

size curve and shape of the grains could be related to a theoretical aperture in the sand and 

approximated with a groutable fracture in rock. 

 

Figure 63: Layout of the water saturated sand column test. From Axelsson et al. (2009). 

Filtration of the grains from suspension during penetration through a porous media could 

happen for many reasons. One way to classify filtration is based on the place where the filter 

cake is built. According to this classification filtration is divided into surface filtration and 

straining, (Schwarz, 1997). The surface filtration is the filtration when the cake is built at the 

surface of the grouted media, there the size of the grains is in the same range or larger than 

the pores of the grouted media. The straining is the filtration of the particles from the 

suspension inside the porous media, Figure 64. 

Furthermore, the straining or deep filtration of the particles from a suspension could be 

divided to mechanical filtration, physicochemical filtration and mean filtration which is a 

mixture of these two types of filtration, (Herzig et al., 1970). This classification is based on the 

dominant causing mechanisms and the size of the particles. The mechanical filtration is 

filtration of the particles larger than 30µm from suspension. In this filtration volume 

phenomena prevail over surface phenomena. Physicochemical filtration is filtration of small 

particles from suspension (around 1µm).In this filtration, the surface phenomena prevails. The 

mean filtration occurs for particles between 3 and 30µm, where the volume phenomena and 

the surface effects have the same order of magnitude. 
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Figure 64: Illustration of two different types of filtration of the grouts in a porous media based on the place 
where the filter cake is built. From Schwarz (1997). 

2.1.1 Schwarz (1997) 

In one interesting study carried out by Schwarz (1997), a sand column was used to study 

penetrability and filtration of the microfine cement grouts. The penetrability of the grout is 

related to the penetration length in the sand or amount of the grout passed through the sand 

column. The effluent grout and eventual filter cake in the sample is also examined to study the 

type of filtration. 

Figure 65 shows a typical result from a sand column test from Schwarz (1997). Curve A1 shows 

particle size distribution of the particles in the first 25ml of the effluent grout. Curve A2 shows 

particle size distribution of the particles in the last 25ml of the effluent grout. The total amount 

of the grout used in the tests is between 100 and 125ml. 

Curve A1 shows that particles from 0.4µm to 4µm are filtered from the grout. One explanation 

can be flocculation. These particles build flocks larger than other particles in the suspension 

and are therefore filtered first. The attractive forces between these particles are strong 

enough to hold the flock against the pressure. 

The colloidal particles (≤0.4µm) remain in suspension. The repulsive forces dominate between 

these particles and disperse them. It could be a reason why these particles remain in 

suspension. 

The particles > 4µm are less influenced by attractive forces. They do not build flocks and 

therefore reach longer through the sand then the particles between 0.4 and 4µm. 
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Figure 65: Typical particle size distribution curves of effluent grouts. Curve A1 generally describe the first 
25ml of effluent grout and A2 describe last 25ml of effluent grout of 100 to 125ml total passed 
grout. From Schwarz (1997). 

Discussion 

The particles in a cement based grout between 0.4 and 4µm had the poorest penetrability, 

hence they flocculated and built flocks larger than other particles in the suspension. A large 

amount of these particles in the suspension will reduce the penetrability of the grout. 

2.1.2 Axelsson et al. (2009) 

The sand column method was also used by Axelsson et al. (2009) to study the influence of w/c 

ratio on the penetrability of the grouts. In the performed test Mylonite with dmax of 20µm was 

used instead of cement to prepare the grout which, according the authors, has a similar 

rheological behavior as cement based grout. 

The theoretical aperture in the sand column could be related to the rock aperture by three 

different methods. One of them is based on the concept called “fictitious aperture”, (Bergman, 

1970). In this concept the porosity in the sand and hence, the pathways in the sand, are 

related to a fictive aperture in the rock by a median grain size with the equation  

500.15ficb D  (III.1) 

Another method to estimate theoretical aperture in the sand and relate it to equivalent 

aperture in the rock is based on the comparison between the maximum penetration of the 

Bingham fluid in a granular material (Axelsson and Gustafson, 2007) and the maximum 

penetration in the rock fracture (Gustafson and Stille, 1996). The equivalent aperture in the 

rock is estimated with the equation 

8

(1 )
ekvb

S n
 (III.2) 

In this equation n is the porosity of the sand and S is the specific surface of the sand. 

The results of the four performed experiments with three different sands in the sand column 

and two different inert grouts with a water-solid ratio of 1 to 3 are shown in Figure 66. The 

results show that penetrability increase by increasing of the both bfic/d95 and w/c ratio. 
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Figure 66: The raise of the water level in the water column interpreted as the penetration of the grouts in 
time as illustrated in Figure 63. From Axelsson et al. (2009). 

Figure 67 shows the comparison of the measured penetration of experiments 2 and 4 from 

Figure 66 and calculated by Gustafson and Stille’s (1996) equation which describes penetration 

of the grout in rock fracture. The result shows that this equation is not suitable for calculation 

of the grout flow though the sand which means that it is difficult to relate grout flow through 

the sand, to grout flow through the fractures. 

 

Figure 67: Comparison between the analytical solution of penetration of a Bingham fluid according to 
Gustafson and Stille (2005) and the measured penetration for Experiment 2 to the left and 
Experiment 4 to the right. From Axelsson et al. (2009). 

The authors concluded that w/c ratio and the ratio between aperture and max grain size are 

important parameters that govern penetrability of the grouts. 

They further concluded that there are three different mechanisms which cause stopping of the 

grout. The first is clogging where grains in the grout are not able to enter the aperture and 

occurs when grains in the grout is one-third or larger than the aperture. This type of filtration 

in Schwarz (1997) is known as surface filtration. The second mechanism is filtration. In this 

process the grout penetrate in the aperture but grains separate from the grout and stick in the 

constriction and gradually block the flow. This process occurs in the aperture, which is around 
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the limit of the considered groutable aperture (b/d95=1.7). By increasing the w/c ratio in this 

case the sealing effect will increase due to longer penetration and filtration process. This type 

of filtration in Schwarz (1997) is known as straining. The third mechanism which can cause the 

stop of the grouts is resistance. In this case the friction of the grouts stops the flow when this 

reaches the equilibrium by the grouting pressure. This occurs when the aperture is more than 

five times larger than the max grains in the grout. 

Discussion 

Axelsson et al. (2009) confirmed Schwarz (1997) and Herzig et al.’s (1970) statement about the 

mechanisms which stop grout flow through the sand. The mechanisms are clogging, filtration 

and resistance. The difference is that the clogging or surface filtration occurs if d95 ≥ b/3 

according to Axelsson et al.(2009), while according to Schwarz (1997) it occurs if the grains in 

the grout is of the same size or larger than pores in the sand. 

It is difficult to relate penetration of the grout in the sand to penetration in the fracture. This 

could mean that the filtration processes in a porous media is different than that in a fracture 

since the path of the grout in sand or soil is significantly different from the paths in rock 

fractures. 

2.2 Pressure chamber with filter of known permeability 

Widmann (1996) suggested a pressure chamber with a filter to determine filtration stability of 

cement based grout. Under pressure (P) the grout is pressed through a filter of known 

permeability. Figure 68 shows the suggested method where compressed air is marked with 1, 

grout with 2, filtering surface with 3, sheet with 4 and filter of known permeability with 5. The 

filter may consist of fleece, fine sand, soft rock, ceramics, standard porous stone filter and 

similar. 

 
Figure 68: Test set-up for determining filtration stability. From Widmann (1996). 

2.2.1 Gandais et al. (1987) 

Gandais et al. (1987) defined filtration of the grout as penetration of the pore solution from 

the grout to the micro fracture during penetration through a larger fracture. This process is 

illustrated in Figure 69 where the pore solution from the grout is pressed to the micro joints 

and the grout becomes thicker with penetration and grouting time. 

Gandais et al. (1987) used a pressure chamber to determine filtration stability of bentonite-

cement grout while grouting finely fissured and porous rock. In these measurements the 

permeability of the filter in the pressure chamber (K) must be known and is defined as K=k/e, 
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[1/s], where k is the coefficient of permeability of the materials in the filter and e is the 

thickness of the filter. In these tests the filter in the pressure chamber represents micro 

fractures in fracture walls and not the fracture system in the rock or the system of the 

channels in the soil or sand. This type of filtration is an example of surface filtration. 

 

Figure 69: Illustration of the filtration of the grout during penetration through high fractured rock. From 
(Gandais and Delmans, 1987). 

In a test performed by Gandais et al. (1987) penetration of the water and conventional 

bentonite-cement grout are shown as a function of the permeability of the filter as shown in 

Figure 70. According to this figure, this type of filtration becomes relevant when permeability 

of the rock is larger than (k/e=10-7 s-1). Since the permeability of the micro fracture that 

governs the water flow in the most of the eruptive rock is about 10-11 m/s, this type of 

filtration might not be relevant for this study, but it is important to know that this process also 

exists.  

 

Figure 70: Filtration as a function of the permeability of the filter. From Gandais et al. (1987). 
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Discussion 

The filtration of the pore solution from the grout could occur at the end of the grouting if the 

grout stays still or penetrates slowly into the hard fractured rock. 

2.3 Filter pump 

In connection with the reparation of the cracks in concrete structures, Hansson (1995) studied 

penetration and filtration of cement based grout. He defined filtration stability of cement 

based grout as its ability to pass constrictions of the flow paths during penetration without 

plug building. 

Hansson (1995) claims that the tendency of the particles to agglomerate and build an 

impenetrable filter cake is the most important factor which limits penetrability of the grouts. 

Another factor which influences the building of the filter cake, according the same author, is 

the relationship between the aperture and the diameter of the largest particles in the cement. 

The filter cake can occur even when this relationship reaches up to 10 and the variations are 

too common to use maximum particle size as a classification parameter for penetrability of the 

cement based grouts. 

Hansson (1995) suggested a new measuring method to estimate filtration stability of the 

cement based grouts called a filter pump. The author stated that the mechanism of filter cake 

building at the entrance of the cracks is the same as the mechanism for the filter cake building 

in the filter pump. Figure 71 shows the filter pump and illustrates how grouts pass through the 

filter. The filter consists of a woven metal wire cloth with a mesh width of 32, 45, 75, 100 and 

125µm. The grout is sucked through the mesh and the sucked volume of the grout is a 

qualitative measurement for filtration stability of the grouts. 

 

Figure 71: Filter pump from Hansson (1995) to the left and illustration of a grout passing the filter in the 
filter pump from Eriksson et al. (2000). 

2.3.1 Hansson (1995) 

To evaluate the results measured by the filter pump, the author performed a number of tests 

with the filter pump and compared the results with results estimated by grouting of a concrete 

crack, sand column and by grouting of a smooth crack. 

Comparison of the results estimated by filter pump with concrete crack grouting 

In a series of tests a crack in a concrete block is grouted and the same grout is tested by the 

filter pump. In every test, the grout volume measured by the filter pump (Vf) is compared with 

the grouting time (tg) normalized by hydraulic crack with (dh). The grouting time is the elapsed 

grouting time to the reached refusal pressure. The grout was based on UF16 cement and is 

grouted with a grouting pressure of 50 kPa. The test results are shown in Figure 72. 
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The author meant that the results showed a clear relationship between normalized grouting 

time and the grout volume measured by the filter pump. Since that normalized grouting time 

by hydraulic aperture has an exponent of 3.65, the relationship is not so clear. 

The author also found that the filtration tendency is strongly dependent on the w/c ratio, 

which is shown in Figure 73. 

 

Figure 72 : Illustration of grouted concrete crack and the results from concrete crack grouting and 
normalized grouting time vs. filtration stability. From Hansson (1995). 

 

Figure 73: Relationship between Vf and w/c ratio. From Hansson (1995). 

Discussion of comparison with concrete crack grouting 

Some interesting questions about these tests could be considered. Why did the author use a 

filter width of 45µm, while the crack has an aperture of around 300µm?  Should the 

relationship be the same in the case of filter width, for example, 75µm? Is the filter width 

related to the aperture or the max particle diameter in the used grout? With these 

uncertainties it is difficult to relate the results estimated by the filter pump to the groutable 

fracture in the rock. 

Comparison of the results estimated by filter pump with sand column test 

In the next test series the author compared measured data from a filter pump with the 

penetration of the grouts estimated by sand column. The tests were performed with nine 

different types of cement, different additives and different rheological properties and the 

results are shown in Figure 74. According to the author there is a tendency that the 

penetration of the sand column can be predicted by the filer pump. 
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Figure 74: Sand penetrability vs. filtration stability. From Hansson (1995). 

Discussion of the comparison with a sand column test 

One interesting analysis of these tests could be done by comparing the filter-width used with 

the fictive aperture in the sand column. The sand column was filed with sand with an even 

particle size distribution between 0.63 and 1.25mm and the measurements with the filter 

pump are performed with a 125µm filter width. Calculated bfic by equation (III.1) for this sand 

column is 141µm, which is close to the used filter width of 125µm in these tests. This could 

mean that measurements estimated by the filter pump could be used to predict the 

penetrability of the grouts in some porous media in the case when the porosity in this media is 

close to the filter width. 

Comparison of the results estimated by the filter pump with grouting of a smooth 

fracture 

Hansson (1995) also compared passed grout through a smooth slot with the grout volume 

measured by the filter pump. A smooth slot 1m long and 50mm wide, with a constant aperture 

of 200µm was prepared with a steel and glass plate on the top. The slot is grouted with a grout 

based on cement with a d95 of 40µm through a hole with a 10mm radius and under a pressure 

of 50kPa. The filter pump measurements were carried out with a filter width of 150µm. The 

comparisons of these measurements are shown in Figure 75. It seems that approximately 

double the amount of grout passed through the filter pump than through the slot. The results 

also show that the amount of super plasticizer (SP) in the grout has a large influence on the 

penetrability in the smooth slot and somewhat smaller influence in the filter pump. These tests 

results are somewhat easier to evaluate than the results from the grouting of the crack in the 

concrete block, since the filter is close to the aperture and the compared results are of the 

same sort. 
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Figure 75: Table shows w/c ratio and passed grout volume through the smooth slot and filter pump with 
150µm filter width. From Hansson (1995). 

Dispersion of the grouts 

The filter pump was lastly used to estimate how mixing time influences dispersion of the 

grouts. The grouts with and without super plasticizer were mixed with varied mixing times by 

the Ultra-Turrax T25 mixer and tested by a filter pump with a 45µm filter. The estimated 

results showed that the best dispersion is achieved after approximately 100 seconds and 

further mixing does not increase the amount of the passed volume, Figure 76.  

 

Figure 76: Dispersion time versus filtration stability. From Hansson (1995). 

Discussion of dispersion of the grouts 

The comparison of the two grouts as shown in Figure 76 is a good example of how a filter 

pump could be used.  A relating of the estimated results with the filter pump to a groutable 

fracture in rock is difficult. 

Conclusions 

Summarizing all test results, Hansson (1995) concluded that a relationship between 

penetrability and filtration estimated by a filter pump exist provided that the rheological 

properties of the grout are closely Newtonian. 

There is a strong relationship between the w/c ratio and filtration stability. 

Repeatability during measuring with the filter pump could be questioned since that the sucking 

pressure could vary between the measurements. 

2.3.2 Hjertström and Petersson (2006) 

Fine milling of cement is one of the methods to develop penetration ability of the grouts. A 

problem with this method is that the flocculation tendency of cement particles increases 
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significantly which deteriorates the penetrability of these grouts when the size of the largest 

particles reaches below some dmax. 

Hjertström and Petersson (2006) used a filter pump to study dispersion of the grouts based on 

very fine-grained cement. Figure 77 shows results of several tests measured by a filter pump 

with a 45 and 125µm filter where grouts are mixed by different mixers and varying mixing 

times. The grouts mixed with the colloidal mixer Cemix 102, have the best penetrability while 

grouts mixed by the same type of mixer but with a larger capacity (Cemix 202), have some 

lower penetrability. The grouts mixed by a paddle mixer have zero penetration ability even 

with a 125µm filter. 

In these measurements mixing time was also tested and results showed that the mixing time 

does not influence the penetrability. 

Hjertström and Petersson (2006) showed how important it is to choose a mixer which is 

suitable for the cement type used and they stated that it is possible to disperse cement 

particles in a grout based on UF12 with a mixer of colloidal type. Traditional paddle mixers are 

completely unsuitable for mixing the grouts based on micro cement. 

 

Figure 77: Passed volume measured by a filter pump of the grouts mixed by different mixers. From 
Hjertström and Petersson (2006). 

Discussion 

Hjertström and Petersson (2006) used a filter pump for relative comparisons of the filtration 

stability of different grouts. An interesting question could be raised: Can grout mixed by a 

Cemix 102 be used to grout a fracture of 45µm aperture? 

2.3.3 Eriksson et al. (2000) 

In a testing procedure with a filter pump, penetrability of different grouts is usually tested with 

one filter to find which one manages to pass through this given filter. This could be interpreted 

as: Which of the tested grouts can be used to grout the related fracture? 

Eriksson et al. (2000) used a filter pump in another way. They measured passed grout volume 

for one grout with a varying filter width, (Figure 78). Measuring is started by a small filter 

width where none or a small amount of the grout is passed through the filter and successively 

the filter width is increased which increased the volume of the passed grout. At the end for a 
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given filter width, the maximum amount of the grout passed through the filter. The maximum 

amount of the grout for a filter pump is 300 ml. 

By using this measuring approach, the results could be related to the fractures which could be 

grouted by this grout without filtration and which could be grouted partially. The penetrability 

and filtration of a grout they described by two grout properties called bmin and bcritical. Bmin is the 

minimum aperture in which grout can penetrate at all and bcritical is the minimum aperture in 

which grout can penetrate without filtration. The grout is filtered in apertures between bmin 

and bcritical and estimation of these properties by the filter pump are shown in Figure 78. 

 

Figure 78: Estimation of bmin and bcritical with filter pump. Grout: INJ30, w/c ratio 0.7, 0.2% additives. From 
Eriksson et al. (2000). 

Discussion 

Eriksson et al. (2000) found a different way to relate results estimated by a filter pump to 

groutable fractures in rock. They used parameters bmin and bcritical to describe the penetrability 

of a grout. These two properties show which fractures could not be grouted, which could be 

grouted partially and which could be grouted entirely. 

2.4 Penetrability meter 

The idea to measure filtration with a mesh as a filter has been further improved by Eriksson 

and Stille (2003). They developed a penetrability meter where instead of the using a pump, a 

pressure chamber is used for pressing the grout through the same filter, (Figure 79). The grout 

is pressed by a constant pressure (1 bar) which gives a better repeatability of the test. 

The measuring concept by estimation of bmin and bcritical is the same as developed with a filter 

pump. A difference is that maximal passed volume in measurements by the penetrability 

meter is 1 liter instead of 300ml as in measuring with a filter pump. 1 liter of passed grout is 

judged as enough to assume that an infinite amount of the grout will pass through the given 

filter without filtration. 
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Figure 79: Picture of the penetrability meter developed by Eriksson and Stille (2003). 

This method is used in a number of studies of the filtration of the cement-based grouts 

(Eriksson and Stille, 2003; Eriksson et. al, 2004; Eklund and Stille, 2008) and is a common 

measuring method together with the filter pump used in Sweden to estimate penetration 

ability of the cement-based grouts. 

2.4.1 Eriksson and Stille (2003) 

Eriksson and Stille (2003) estimated bmin and bcritical for different grouts based on INJ30 cement. 

The results are shown in Table 15. The bmin and bcritical were principally the same for all grouts 

which means that the penetrability of the grouts is principally w/c ratio, pressure and additives 

independent. According to the author, the main factor which governs the penetrability is 

cement type. 

Table 15: Evaluated critical and minimum aperture for different grouts based on INJ30. From Erikson and 
Stille (2003). 

Grout w/c 
Additive 

[%] 

Pressure 

[bar] 
Test 

5 min after mix 
30 min after 

mix 

bcritical 

[µm] 

bmin 

[µm] 

bcritical 

[µm] 

bmin 

[µm] 

A 1 0 1 A 134 73 134 71 

B 1 0.7 1 B 127 71 137 72 

C 1 0.7 2 C 131 71 138 73 

D 0.7 0 1 D 140 74 140 74 

E 0.7 0.7 1 E 140 74 141 74 

F 0.7 0.7 2 F 138 73 139 73 

 

In the same paper, the penetrability meter is used to estimate how waiting time after mixing 

influences penetrability of the UF12 w/c=2.5 grout (grout based on very fine-grained cement). 

The results presented in Figure 80 showed that the penetrability of this grout decreases over 
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time. In the paper it is not mentioned if the grout was agitated during waiting time, which is 

important due to possible sedimentation and flocculation. 

 

Figure 80: Measured penetrability of the UF12 w/c =2.5 grout performed at different time intervals after 
mixing. From Erikson and Stille (2003).  

As mentioned above, 1 liter of passed grout for a given filter is judged as enough to assume 

that an infinite amount of the grout will pass through the filter without filtration. That this is 

not always true could be seen from the test presented in Figure 81. The authors explained the 

results by possible presence of oversized particles. 

It would be interesting to see results of some similar tests from different batches and examine 

this further. In testing with the penetrability meter or a filter pump, the flow area before the 

filter is very large and then restricted by a relatively large area of the wires which made the 

constrictions. Furthermore, the flow is constricted from the four sides which also increases the 

possibility of plug building. This could underestimate the penetrability of the grouts. 

It would also be interesting to know if the filtration process is fast or slow. This would show if 

the plug building occurs at all openings at once, or over time. Principally, if plug building occurs 

instantly, the passed grout will not be filtered. 

 

Figure 81: Passed volume of grout A from Table 15 for different filter widths. From Erikson and Stille 
(2003). 

Discussion 

The measurements by sand column and filter pump showed that filtration is significantly 

influenced by w/c ration, while it is independent of the w/c ration when filtration is estimated 

by a penetrability meter, although the same type of filter in a filter pump and penetrability 

meter. The measurements estimated with a filter pump and the penetrability meter should 

principally be the same since they are using the same type of filter. 
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2.4.2 Eriksson et al. (2004) 

The penetrability meter was also used in a study carried out by Eriksson et al. (2004) to 

determine variation of the penetrability caused by different factors of cement storage over 

time, w/c ratio, additives, mixing time and mixer type. The referent grouts are based on 

cement INJ30 with w/c=0.8 and 1% additive. The tests showed in Figure 82 as tests with 

referent grouts, new referent grouts, with w/c = 0.6 and 1 are performed ten times and others 

five times. The grouts called referent grouts refer to that cement bags were stored from zero 

to a number of weeks while new referent grouts refer to that grouts were mixed soon after the 

cement delivery. The results show that penetrability expressed by bcritical vary the most in 

grouts mixed by a field mixer and then in the referent grouts. 

The thicker grout (w/c = 0.6) also showed a relatively larger variation where bcritical varied from 

100 to 140µm. The penetrability of the thinner grout with w/c=1.0 was much more stable. 

Bcritical was around 90µm. These measurements showed that mixing and storage over time are 

two factors which can significantly deteriorate the penetrability of the grouts. 

 

Figure 82: Estimated bcritical for different grouts. Referent grout (RG) is based on INJ30 w/c =0.8 and 1% 
additives. From Eriksson et al. (2004). 

Discussion 

These measurements showed that w/c could have some influence even in this method which is 

somewhat contradictory to the findings by Eriksson and Stille (2003). Some interesting 

questions are: Why do measurements mixed by field mixer vary so much and can a colloidal 

mixer decrease penetrability of the grouts based on INJ30 which is normally easily mixed 

cement? 

2.4.3 Eklund and Stille (2008) 

How well a net represents reducing of the size of the aperture in a fracture in the rock was a 

question studied by Eklund and Stille (2008). They studied penetrability of the grouts based on 

different grain sizes and filter geometry. The difference between the filter geometry (mesh 

and slot) is shown in Figure 83. As illustrated in the figure, the plug formation in the mesh 

geometry could be started and supported from two main directions, while just from one in the 

slot geometry. This could mean that penetrability measured by mesh geometry could be 

lower. The measuring device was penetrability meter. 
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Figure 83: Illustrations of different grain build-up in mesh and slot filter geometry. From Eklund and Stille 
(2008). 

Table 16 shows the measured penetrability of different mixtures based on inert material 

measured with slot and mesh geometry. The grain size distribution curves of the inert 

materials used are shown in Figure 84 and w/s ratio of the mixtures is 0.7. The penetrability is 

expressed by passed volume of the mixture divided by the filter area. 

The measurements with mixtures 2, 4 and 5 showed much better penetrability measured with 

slot than measured with mesh geometry for the same size with 75µm. This could means that 

the mesh geometry underestimates penetrability of the grouts. 

Mixture 3 and 6 showed zero penetrability in both cases, which is not unexpected since the 

maximum particle size in these mixtures is almost of the same size as the slot geometry (40 – 

60µm). Mixture 1 also had zero penetrability for both geometries. The powder used in this 

mixture is very fine-grained with a maximum particle diameter of 8µm. This powder mixed 

with w/s of 0.7 gives a mixture where flocculation causes a direct stop in flow. 

Table 16: Quotient between passed amount of mixture with inert material and the filter area for slot and 
mesh geometry. The w/s ratio of the mixtures is 0.7. From Eklund and Stille (2008). 

 Slot Mesh 

 75 µm 125 µm 36 µm 45 µm 75 µm 

Filter 

area** 
0.05 cm2 0.08 cm2 8.3 cm2 10.6 cm2 13.9 cm2 

Mixture 

Passed 

volume/filter 

area (m) 

Passed 

volume/filter 

area (m) 

Passed 

volume/filter 

area (m) 

Passed 

volume/filter 

area (m) 

Passed 

volume/filter 

area (m) 

2 1.94 4.68 0.13 0.09* 0.07* 

3 0.00 2.79 0.00 0.02 0.03 

4 4.79 8.38 0.10 0.05 0.05 

5 1.10 6.07 0.01 0.02 0.06 

6 0.00 3.86 0.00 0.01 0.04 

**The filter area concerns the area for the mixture to pass through the filter. In mesh 
geometry the area of the wires is excluded. 
*No plug formation occurred. 



Filtration and penetrability of cement–based grout 

 

KTH          107 

 

Figure 84 : Grain size distribution curves of the inert material used in the tests shown in Table 16. 

Eklund and Stille (2008) expressed the measured results by k which is the quotient between 

the slot aperture and d95. They also defined a critical aperture for the grouts called bcrit which is 

similar to Eriksson, et al. (2000) bcritical. The diffence is that bcrit corresponds to a different initial 

amount of the grout in the grout container. In these measurements the initial amount of the 

grouts was 600 ml, (Eklund, 2005). 

The results from Eklund and Stille (2008) showed that grouts based on fine-grained cement 

must have a higher k (> 15 ) than the grouts based on coarser cement (>4) to meet the 

requirements for bcrit as described with equation (III.3). 

The summarized measurements from this study are shown in Figure 85. It could be seen that 

the relationship between bcrit and d95 for inert mixtures is approximately 3 and independent of 

the grain size, while for cement mixtures, the relationship is much higher and increases with 

the decreasing of d95. The reason must by hydration and flocculation. 

 

Figure 85: Measured bcrit for grouts based on different type of material. From Eklund and Stille (2008). 

Eklund and Stille (2008) concluded that a variation of k depends on grain-size, grain-size 

distribution, super plasticizer, w/c ratio, chemical reaction, geometry of aperture and the 

amount of mixture. A grout will pass a fracture aperture without plug building if 
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95 critd k b  (III.3) 

K varies between 2 and 16. Mixtures based on coarser inert material have a k closer to 2 while 

grouts based on fine-grained cement have a k closer to 16. 

Discussion 

The measurements performed with an inert material and with the slot and mesh geometry 

showed that penetrability is better measured with slot geometry, which could mean that mesh 

geometry underestimates the penetrability of the grouts. 

A more detailed sketch over the slot geometry used in Eklund and Stille (2008) is shown in 

Figure 86. The thickness of the steel plate with a manufactured aperture is 500µm, which is 

relatively thick compared with the size of the particles. It could be important to know if the 

aperture is rough or smooth. If the aperture has a rough surface, as illustrated in the figure, 

the plug building can be initiated even there which will decrease the measured penetrability. 

Another reason which can also decrease the measured penetrability estimated by this 

measuring method both with mesh and slot geometry, can be construction and connection of 

the filter house. The grout flows from the grout container through a hose of 6mm in diameter 

to the filter house of 95mm in diameter. In the beginning the grout flows very fast through the 

hoses and hits the bottom of the filter house. The flow there is very turbulent until the grout 

fills this space. After this, the settlement of the grains can occur in the filter house. If this 

happens the settled particles around the opening will influence the penetrability. 

 

Figure 86: Enlargement of the filter house from measuring equipment used in Eklund and Stille (2008). 

2.5 NES-method 

NES-method is another type of measuring methods developed by Sandberg (1997), where a 

slot between two steel plates represents a fracture in rock. A principal description of the 

Flow

95 mm

   Detail 1:Stot 75 -100 µm

Detail 1

500 µm

75 µm

?
Settling of the 

grains 

?

Settling of the 

grains 

Settling of the 

grains 

6 mm



Filtration and penetrability of cement–based grout 

 

KTH          109 

measuring is shown in Figure 87. A grout container hangs on a scale and the grout is pressed 

out through the slot by the pressurized gas from a gas container. The weight of the grout is 

measured over grouting time. The diameter of the “bore hole” is 25mm and plug building 

occurs at the contact between the “bore hole” and the slot. 

According to the author, the method emulates the real grouting process where the grout is 

pressed in a fracture system in a rock and is best suited for relative comparison between 

different grouts where the type of cement, w/c ratio and additives are varied. 

 

Figure 87: NES method. From Sandberg (1997). 

2.5.1 Sandberg (1997) 

Sandberg (1997) used the NES method to study the penetrability of cement based grouts. The 

results of the penetration tests of three different grouts and water through a 50µm slot are 

shown in Figure 88. The grouts have 2% additives and 25% silica fume of the cement weight 

and have a w/c ratio of 3.0. The grouting pressure used is 20 bars. 

The results show that grout based on micro cement with a lower particle size have better 

penetrability. 
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Figure 88: Penetration of three different grouts compared with penetration of water measured by NES 
method. From Sandberg (1997). 

Discussion 

A w/c ratio of 3.0 is relatively large and must principally be in this range for grouts based on 

these fine-grained cements to penetrate the 50µm slot. It seems that a high pressure can 

prevent plug building in these fine-grained grouts if the w/c ratio is high. 

The result of measurements is a curve over time which gives a better possibility to analyze the 

process of plug building. The pressure should also be measured so that varying pressure can be 

excluded as a reason for decreasing flow. 

It could be of interest to know if the pressure gradient at the contact between the “bore hole” 

and slot (geometry in the NES) is different than the pressure gradient at a fracture reduction 

due to a relatively larger decrease of the flow area in the NES. 

Plug building in this method can occur just at contact between the “bore hole” and slot. The 

process of the plug building in the slot with constriction could be different from plug building 

at contact between the “bore hole” and slot without constriction. If this process is different, 

then this method measures just penetrability of the grout at contact between the “bore hole” 

and fracture. 

The method could be improved by changing the slot geometry which corresponds better to a 

fracture with varying aperture. 

2.5.2 Eriksson et al.(1999) 

Eriksson et al. (1999) showed a number of estimated results by this method of the same grout 

measured with different measuring occasions (the left diagram in Figure 89) and measured at 

different wait times after mixing (the right diagram in Figure 89). The measured results show 

some spread in both cases. 

Figure 90 shows measured penetrability of the grouts with the same cement and w/c ratio, but 

with dispersion additives. In the left diagram 9 measurements are presented measured at 

different occasions and in the right diagram 9 measurements are presented measured at 

different wait times after mixing. The measurements with additives showed a lower spread. 
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Figure 89: Penetrability of UF12 w/c=1.4 grout measured by NES method with 75µm slot with different 
occasions (left) and at different times after mixing (right). 

 

Figure 90: Penetrability of grout based on UF12 cement with w/c=1.4 and 0.6% SPP additives measured 
by NES method with a 75µm slot with 9 different occasions (to the left) and at 9 different times 
after mixing (to the right). 

Eriksson et al. (1999) also investigated how pressure influences penetrability of the grouts by 

the NES method. The results showed that pressure can influence the penetrability if the grout 

is not too thick. The grout with a w/c ratio of 1.0 passes through the slot with 20 bars of 

grouting pressure, (Figure 91 to the right) and the grout with w/c of 0.8 was too thick even for 

20 bars of pressure, (Figure 91 to the left). 

 

Figure 91: Penetrability of the grout based on INJ30 with a w/c ratio of 0.8 and 0.54% HPM measured with 
100µm slot (to the left) and with a w/c ratio of 1.0 and 0.50%HPM  measured with 75 and 
100µm slot (to the right) grouted with varying pressure. 

Eriksson et al. (1999) also showed that mixing with different types of mixers influenced 

penetrability. From the presented results in Figure 92, it could be seen that the lab mixer had a 

better mixing performance. It is important to notate that grout is based on INJ30 which is a 

relatively easily mixed cement. The grouts based on very fine-grained cement such as UF12 

and UF16, are much harder to mix. 
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Figure 92: Penetrability of the grout based on INJ30 with w/c ratio of 0.8 and 0.54% HPM measured with 
100 µm slot mixed with lab and field mixer. 

Next measurements presented by Eriksson et al. (1999) show how amount of additives 

influence penetrability, Figure 93. It seems that a slot of 75 µm is too small for this grout and 

100 µm could be a close to critical aperture for this grout. The additives do not improved the 

penetrability probably due to that the grout was to tick. 

 

Figure 93: Penetrability of the grout based on INJ30 cement with a w/c ratio of 0.8 with varying amounts of 
additives (HPM). The measurements are performed with a 75 and 100µm slot. 

2.5.3 Hjertström (2001) 

The NES method was also used by Hjertström (2001) to test penetrability of the grouts based 

on cements with different particle size distribution curves, w/c ratios and pressures. The tests 

showed that grouts based on INJ30 cement have the best penetrability. The grouts based on 

very fine-grained cement had a significantly lower penetrability. An increasing of the w/c ratio 

from 1 to 3 did not improve the penetrability of these grouts significantly, (Figure 94, Figure 

95).  
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Figure 94 : Penetration of different grouts with w/c = 1 estimated by the NES method. The aperture of the 
slot is 75µm. 

 

Figure 95: Penetration of different grouts with w/c = 3 estimated by NES method. The aperture of the slot 
is 75µm. 

The NES method is also used to test influence of the grouting pressure on the penetrability of 

the grouts. The results presented in Figure 96 showed that whole amounts of the grout cannot 

pass through the slot with lower grouting pressure (2 and 5 bars). A higher grouting pressure 

(20 bars) manages to press the whole amount of the grout through the slot. The similar test 

results are also presented in Eriksson et al. (1999) for 100µm slot, Figure 91. 
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Figure 96: Penetration of INJ30 w/c= 0.8 grout estimated by the NES method with three different pressures 
(2, 5 and 20 bars). The aperture of the slot is 100µm. 

Discussion 

The measurements by the NES method showed that grouts based on very fine-grained cement 

have a low penetration ability. A large w/c ration does not significantly improve the 

penetrability of the grouts and a high grouting pressure does improve the penetrability of the 

grouts. 

2.5.4 Hjertström and Petersson (2006) 

Hjertström and Petersson (2006) also used the NES method to study dispersion of the grouts 

based on very fine-grained cement. Figure 97 shows how rotation speed of the mixer and 

mixing time influence penetrability of the grouts based on very fine-grained cement. The best 

penetrability through a 75µm aperture is achieved with a rotation speed of around 1750 

rotations/min and with a mixing time of 2 minutes. A longer mixing time and lower rotation 

speed decrease the penetrability.  

The same test is performed with a lower aperture of 60µm and the results are shown in Figure 

98. The results show that a longer mixing time and higher rotation speed could not improve 

the penetrability of this grout to be able to penetrate a 60µm aperture. 

The penetrability of the grouts based on very fine-grained cement could be improved to some 

extent by additives even at a lower rotation speed (1450 rotation/min). See Figure 99. 
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Figure 97: Penetration of UF12 w/c=1.0 grout estimated by the NES method. The aperture of the slot is 
75µm. The grout is mixed with a field mixer with different rotation speeds and different mixing 
times. 

 

Figure 98 : Penetration of UF12 w/c=1.0 grout estimated by the NES method. The aperture of the slot is 
60µm. The grout is mixed with a field mixer with different rotation speeds and different mixing 
times. 
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Figure 99: Penetration of UF12 w/c=1.0 grout with and without additives estimated by the NES method. 
The aperture of the slot is 75µm. The grout is mixed with a field mixer with a rotation speed of 
1450 rotations/min. 

2.6 High pressure clogging test  

Principally, the same test method as the NES method is used in Japan to test penetrability of 

cement based grouts. The slot is constructed by an assemblage of two steel plates. In one of 

them, four channels are polished as in the NES method. See Figure 100. 

There are two differences from the NES method. The first is that test is performed with real 

grouting and mixing equipment where mixing, grouting and agitation are continuous. See 

Figure 101. There is no working moment when grout is held from the mixing container to the 

grouting container which maybe could influence the grout and penetration. 

The other difference is that test could be performed with a constant pressure of 10 bars (low 

pressure test) and with stepwise increasing pressure from 0 to 50 bars (high pressure test). 

 

Figure 100: Steel plates used in high pressure clogging test. 
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Figure 101: Arrangement of the test equipment. From Nobuto et al. (2008). 

2.6.1 Nobuto et a. (2008) 

As in Sweden, Japanese corporations are trying to develop cement grouts to be able to grout 

fractures in the range of 50 µm or lower. They also developed a micro cement with a 

maximum particle diameter of approximately 16µm, which also causes a flocculation problem. 

Beside additives and mixing, Nobuto et al. (2008) tried to improve the penetrability of these 

grouts by using high pressure grouting. 

Tests with lower pressure (10 bars), showed a relatively low penetrability even with a 100µm 

slot, Figure 102. In the test with a 50µm slot, the flow stop occurred after approximately 35s 

which is judged as insufficient. 

In the next test with high pressure, the same grout is tested with a 50µm slot. The pressure is 

stepwise increased to 50 bars. See Figure 103. An average flow of approximately 5 g/s 

continues for 16 minutes and then slowly started to decrease. The period of decreased flow 

continues also of around 16 minutes. The passed amount of the grout in this test the author 

judged as sufficient to grout a fracture with a 50µm aperture. 

The authors concluded that test results indicate that clogging of the thick grouts (w/c =1.6) 

could be prevented by high pressure grouting by gradually increased pressure. 
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Figure 102: Low pressure test with constant pressure of 10 bars. Cement is Japanese Micro cement 
(dmax=16 µm), w/c =1.6. From Nobuto et al. (2008). 

 

Figure 103: High pressure test with stepwise increased peruse 50 bars. Slot aperture is 50µm. Cement is 
Japanese Micro cement (dmax=16 µm), w/c =1.6. From Nobuto et al. (2008). 

2.7 PenetraCone 

PenetraCone is a measuring method developed by Axelsson (2009) to measure penetrability of 

cement-based grouts in field. The measuring device consists of two conical cylinders and the 

grout is pressed through the void between them. A cross section of the cylinders is shown in 

Figure 104. The aperture between the cylinders is regulated by moving the inner cylinder 

relative to the outer.  

The testing procedure starts with a larger aperture which constantly decreases until the 

continuous flowing of the grout transcends to dripping. The aperture at this moment 

corresponds to a property of grout called bfilter. After this, the gap is re-opened and the 

measuring procedure is repeated until the total stop of the flow is achieved. This aperture 

corresponds to the new property of the grout called bstop. 

According to Axelsson (2009) there is an advantage of measuring penetrability with a slit 

rather than with a mesh because the geometry is similar to the geometries used in the 

theoretical analysis of the flow in rock fractures. 
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Figure 104: PenetraCone. From Axelsson (2009). 

2.7.1 Axelsson (2009) 

In order to test the measuring performance of the PenetraCone, Axelsson (2009) carried out 

some measurements with grouts based on different cements, inert materials and w/c ratios, 

Table 17.  

The estimated bfilter of these grouts is shown in the left diagram in Figure 105 and bstop in the 

right.  The measuring showed that bfilter decreased (better penetrability) with increasing of w/c 

ratio.  The measurements also showed that grouts based on cement with d95 of 20µm had a 

better penetrability than grouts based on cement with d95 of 30µm.  The grouts based on very 

fine cement with d95 of 16µm had significantly lower penetrability which is also measured by 

other measuring methods. 

Table 17: Grouts used in tests presented in Figure 105. From Axelsson (2009). 

Mixture d95 of the grout w/c ratio Number of tests 

Cement + water 16 0.8-1.4 4 

Cement + water 20 0.8-1.4 4 

Cement + water 30 0.8-1.4 5 

Cement + water + 

superplasticizer (HPM) 
16 1.0-1.4 2 

Cement + water +silica 

fume+ superplasticizer 

(Melcrete) 

16 1.0-1.4 3 

Crushed dolomite + water 16 0.8-1.4 3 
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Figure 105: Estimated bfilter (to left) and bstop (to right) of the grouts with different w/s ratio by PenetraCone. 
From Axelsson (2009). 

 

Figure 106 Ratio between bfilter and d95 (left) and bstop and d95 (right) of the tests presented in Figure 105. 
From Axelsson (2009). 

Axelsson (2009) also performed some measurements with a PenetraCone and a penetrability 

meter to compare penetrability of the same grout estimated by these two different methods, 

Table 18.  The measurements did not show any clear relationship.  According the author, one 

explanation could be that tested grouts were too thick and another reason could be a different 

elapsed time after mixing and measuring. The measurements by the PenetraCone were 

performed directly after mixing while the measurements by the penetrability meter were 

performed after a certain time. However the grout with d95 of 20µm with w/c=0.9 showed the 

best penetrability. 

Table 18: Comparison between the penetrability of three different grouts estimated by the penetrability 
meter and the PenetraCone. From Axelsson (2009). 

d95 of the 

grout [µm] 
w/c 

bcritical 

penetrability 

meter [µm] 

bfilter 

PenetraCone 

[µm] 

bmin 

penetrability 

meter [µm] 

bstop 

PenetraCone 

[µm] 

30 0.6 267 418 84 - 

20 0.9 226 68 36 47 

20 0.9 100 42 48 26 

12 1.2 419 209 49 136 
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Discussion 

A cross section of the PenetraCone (upper sketch) and an enlargement of the place where 

grout inflows to the aperture are shown in Figure 107. The grout flows from the inside of the 

cylinder to the void before the aperture through three 6 mm holes.  

The geometry at the inflow to the aperture differs from, for example, the geometry in the NES 

method (contact between the “bore hole“ and fracture).  

A personal judgment of having to decide when the flow transcends to dripping during 

estimating bfilter is a disadvantage of this method. 

 

Figure 107: The aperture geometry in the PenetraCone at the inflow to the aperture. 

2.8 Conclusions 

Grout and grouting equipment are continuously under development with ambitions to grout 

very fine fractures in rock.  Presently the aim is to develop a cement based grout which is able 

to seal a fracture of around 50 µm.  The cement based grouts are developed by fine grinding 

and when the largest particles in the cement were smaller than approximately 16µm, 

flocculation deteriorates penetrability of these grouts. This was principally shown in all 

measured methods. This phenomenon is attempted to be solved by dispersion additives, 

better mixing and higher grouting pressure. During these attempts, a number of different 

measuring methods were developed to measure penetrability or filtration stability of the 

cement based grouts. 

Design of grout properties to achieve better penetrability is studied in many different ways by 

many researchers.  In one interesting study carried out by Schwarz (1997), a sand column was 

used to study penetrability and filtration of microfine cement grouts. It showed that grains 

between 0.4 and 4µm are filtered first from the grout during penetration. A possible 

explanation can be flocculation. These grains build flocks which are bigger than other grains in 

the suspension and therefore are filtered first. The attractive forces between these grains are 

strong enough to hold the flock against the pressure. The grains larger than 4µm are the least 

influenced by attractive forces. They do not build flocks to the same extent and therefore 
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reach further through the sand than the grains between 0.4 and 4µm. This study showed that 

flocculation is an important process which influences filtration. 

Axelsson et al. (2009) also used a sand column to measure penetrability of inert grouts and 

compared the results with predicted penetrability based on Gustafson and Stille’s (2005) 

equation which describes penetration in a fracture. The reason of the significant difference 

between measured and calculated penetrability could be, according the authors, filtration of 

the grouts in the sand. This study showed that the filtration process in the sand is not the same 

as the filtration in a fracture and that the sand column is not an appropriate method to 

measure penetrability. 

Another method used to determine filtration stability recommended by Widmann (1996) is a 

pressure chamber. The grout is pressed through a filter of known permeability. The filter may 

consist of fleece, fine sand, soft rock or a standard porous stone filter. 

A filter pump is also a measuring method to determine filtration stability suggested by 

Hansson (1994). The grout is sucked through a mesh of thin woven steel wires in square 

pattern which simulate the aperture reduction. Eriksson and Stille (2003) suggested the 

penetrability meter instead of the pump. In this method a pressure chamber is used for 

pressing the grout through the same type of filter. These two measuring apparatuses are 

common measuring methods used in Sweden to estimate the penetration ability of the 

cement-based grouts. 

A different method often used for measuring of the penetrability of the grout is the NES 

method, (Sandberg, 1997). In this method the grout is pressed between two parallel metal 

plates without any constriction between them. The method rather measures the ability of the 

cement grout to penetrate from the “bore hole” into the slot. A similar method presented by 

Nobuto et al. (2008) is used in Japan. This method has the same slot geometry as NES. The 

difference is that real grouting equipment is used to grout the slot and grouting pressure could 

be gradually increased to 5MPa.  

The literature study also showed that some authors draw different conclusions about the 

influence of some factors. It is important to note that some of these conclusions are based on 

tests with different methods and different grouts which makes comparison very difficult. 

A noted difference is the influence of the pressure on penetrability. A higher pressure 

improves penetrability according to Hjertström (2001), Eriksson et al. (1999) and Nobuto et al. 

(2008). This conclusion is based on measurements by the NES and Nobuto et al. (2008) 

method. 

On the contrary, Eriksson and Stille (2003) concluded that a higher pressure does not 

significantly improve penetrability and this conclusion is based on measuring with penetrability 

meter. 

W/c ratio is another factor where some doubts exist about the quantification of the influence 

of this factor on penetrability. 

According to Hansson (1995) the influence of w/c on penetrability is high. A lager w/c ratio 

improves penetrability. The claim is based on measurements with the filter pump.  
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According to Eriksson et al. (2004), the w/c ratio influences penetrability but not to the same 

extent as Hansson (1995) claims. Eriksson et al.’s (2004) conclusion is based on measurements 

with a penetrability meter. Eriksson et al. (1999) and Hjertström (2001) also claim that w/c 

ratio influences penetrability. Their claims are based on the testing with the NES method. 

Based on testing with penetrability meter, Eriksson and Stille (2003) argue that the influence of 

w/c ratio on penetrability is not significant. 

Eklund and Stille (2008) showed that penetrability of the grouts is the function of grain-size, 

grain-size distribution, super plasticizer, w/c ratio, chemical reaction, geometry of aperture 

and amount of mixture. Dependency of the aperture geometry means that penetrability varies 

if it is measured by mesh or the slot method. 

Penetrability of the grouts estimated by different methods is difficult to analyze since it is hard 

to quantify the influence of a certain factor between different methods.  The comparison of 

the measured results would be easier by expressing the penetrability of the grouts by the 

same parameters in all measuring methods by , for example, bmin and bcritical (Eriksson and Stille, 

2003) or by k which is the ratio between aperture of the groutable fracture and d95 (Eklund and 

Stille, 2008).  

A groutable fracture is also a parameter which is not clearly defined. 

It should also be noted that it is difficult to relate the measured value estimated by a sand 

column or pressure camber suggested by Widmann (1996) or a filter pump to a groutable 

fracture in rock. 

Some standardization of the presentation of the results still does not answer the question: 

Does the measured result represent the groutable aperture of the fracture in the rock? To 

construct such equipment which in a correct way represents penetration of the grout through 

a fracture in the rock is difficult. 

In this study a hypothesis about how different factors influence penetrability is assumed and 

tested by specially built equipment. A fracture in rock is simulated by a slot between two 

parallel plates with a constriction. See Figure 108. Varying factors are: grains size, w/c, 

pressure, alcohol instead of water, additives and length of the slot. If the measured results are 

in agreement with the hypothesis, there is a possibility that the geometry used depicts the 

filtration process in a correct way. 

 

Figure 108: Slot between two parallel plates with a constriction for simulation of a fracture in rock. 

b1

b3

Grout flow

Grout flow
A  A

Section A-A

Section B-B

B B 

Slot constriction



Filtration and penetrability of cement–based grout 

 

124                                                                                                                                                             KTH 

  



Filtration and penetrability of cement–based grout 

 

KTH          125 

3 Hypothesis: Factors which influence penetration of the grouts  

The literature review and own researching showed that the following factors could influence 

penetration of the grouts. Detailed hypotheses are given before presentation of different 

tests. 

Grain size, flocculation and hydration influence on penetrability 

The size of the grains is an obvious factor which influences the penetrability. Eklund and Stille 

(2008) find that k (bgroutable/d95) can vary between 4 and 10 (measured by mesh) for ordinary 

grouting cement and for grouts based on very fine cements the k is around 16 (measured with 

slot). The reason for such large k is probably hydration and flocculation. 

Hydration is a process which develops gel particles at the surface of cement grains which 

increases their size and decreases penetrability. The grain surface becomes rougher and a 

larger interlocking between the grains causes the arches to become more stabile. The 

flocculation builds flocks which could be larger than the largest grains and could stop the flow 

directly. 

The influence of hydration and flocculation is much larger in fine-grained cement than in a 

coarse one.  

W/C ratio influence on penetrability 

A lower w/c ration gives a higher grain concentration which increases the possibility for 

arching. There are more grains which flow inwards at the same time to pass the constriction 

(grains 1 and 2 in Figure 109) and there are more grains which could link them in to an arch 

(grain 3 in Figure 109). 

 

Figure 109: Illustration of the arching in a fracture constriction. 

Grouting pressure influence on penetrability 

A partially built plug in the slot at the front of the slot constriction is illustrated in Figure 110. 

This plug could be eroded during penetration. A higher pressure will increase erosion and 

improve penetrability.  

The arching could also be influenced by pressure. The grains in the arch must be placed more 

precisely to resist a higher pressure which will reduce the risk for the arching and improve the 

penetrability. 
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Figure 110: A partially built plug in a slot with constriction. The view corresponds to section B-B in Figure 
108. 

Geometry of constriction influence on penetrability 

Geometry of constriction of the fracture could also influence the penetrability. Figure 111 

illustrates three different constrictions of a facture marked by Alt.1, Alt.2, and Alt3.  

The constriction illustrated as Alt.1 is less than half of the maximum grain diameter and 

possibility for grains to fasten is low due to a low obstacle. This alternative gives possibility for 

grains to rotate and slide around the corner. 

The constriction illustrated as Alt.2 is in the order of maximum grain diameter. The base grains 

in the arches are supported from two sides which both decrease the possibility of the base 

grain to avoid an eventual arching compared to Alt 3 and also gives a more stable arch. 

Additionally the largest grains in the grout will furthermore significantly reduce the aperture 

without arching. See Figure 111. This alternative gives the lowest penetrability. 

None of these possibilities are included in the presented measuring methods.  

 

Figure 111: Illustration of three different constrictions in a fracture. 

Pressure loss in the slot after constriction in a short and long slot 

Pressure loss during grouting is, among other things, a function of the friction between the 

grout and the walls of the slot during penetration. In a fracture, the outlet at the other side of 

the fracture does not exist and the friction is accumulated during the whole grouting time. 
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While measuring penetrability by the short slot, the pressure loss in the slot after constriction 

is negligible due to that the slot after the constriction is short. In a longer slot, the accumulated 

friction after constriction is higher which decreases the flow. In a significantly longer slot the 

flow will decrease particularly for a grout with a larger yield value (τ0). A lower flow in the long 

slot causes a lower pressure loss at slot constriction which results in a lower pressure gradient 

over the constriction. The issue is; does this decreasing of the flow and a lower pressure loss at 

the slot constriction in the long slot influence the penetrability? 
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4 Why use new testing equipment? 

The discussion above shows that testing equipment should meet the following requirements 

to be able to study plug-building: 

 Possibility to vary the pressure 

 Possibility for erosion during penetration 

 Possibility to vary geometry of the constriction 

 Possibility for visual control of the filter cake 

 Possibility to vary pressure gradient over the constriction 

On the basis of the listed requirements, two different sets of testing equipment, which 

simulate a fracture as illustrated in Figure 108, has been build. One of them is called a short 

slot and the other is called a long slot. The long slot has been built to test penetration with a 

lower gradient over the constriction. These two sets of testing equipment are used for further 

studies and the results are presented in two stages.  
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5 Measured penetrability by short slot in stage 1 

5.1 Definition of the filtration while measuring by short slot 

Measuring of the grout flow through a slot with constriction grouted by a constant grouting 

pressure Pg is illustrated in Figure 112. The start time in the graph is the time when grout has 

filled up the whole slot and starts to flow out. At this moment the flow is adapted to the 

resistance of the whole slot length and thereafter will be constant in case of constant grouting 

pressure and if non grain accumulation reduces the flow area. This measuring without plug-

building is presented by a curve “Measurement 1”. The curve “Measurement 2” presents a 

measurement where the accumulated outflow starts to decrease after a time. Since the 

grouting pressure is constant, then the decreasing of the flow must be caused by the reduced 

flow area due to grain accumulation. The start of the plug-building and filtration of the grout is 

detected by decreasing of the flow and is completed when the flow stops. 

 

Figure 112: Measuring of the grout-filtration by the short slot. 

5.2 Description of the short slot 

The measuring equipment called the short slot has been built to test the different hypotheses 

by measuring and is illustrated in Figure 112. Some pictures of the equipment and this artificial 

fracture are shown in Figure 113. Picture 1 shows a grout-container with a high pressure 

connection to a gas-container with a pressure regulator. A pressure-gauge is also connected to 

the grout-container (SML 10.0/0-25 bar/4-20 mA, Thermokon-Danelko).Sketch 5 in Figure 113 

illustrates a cross section of two discs which assembled together build the slot. The discs are 

screwed to the grout-container and then the entire equipment is hung on a weight-gauge 

(F60X-50, SCAIME).The grout from the grout-container is pressed out by the gas from the gas-
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container and, during the outflow, the weight of the hung equipment and pressure in the 

grout-container are measured. 

Pictures 2 and 3 in Figure 113 show two of fourteen manufactured iron discs which when 

assembled together, give the slots with constriction from 1 mm (b1) to a lesser (b3) which can 

be chosen. These fourteen different discs give the slots of seven different dimensions of b3: 20, 

30, 50, 75, 100, 200, and 300µm. 

Picture 3 shows the lower disc with a sinkage of 3 mm as an extension of the “bore hole”.  The 

edge between the slot and the “bore hole” is conical which reduces the risk for plug-building at 

this point. The sinkage also has an additional function during filling of the grout-container.  

Since the grains at the bottom could come in contact due to an eventual sedimentation which 

could influence the measuring, the sinkage gives some extra time to avoid this problem. The 

remaining dimensions of the slot are shown in Figure 113. 

The grout-container contains 1.695 l grout which is a relatively large volume compared with 

the opening of the slot and gives a flow long enough to build the plug. 
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Figure 113: The pictures and a sketch of the measuring equipment called short slot used for measuring of 
the grout filtration. 

5.3 Cements used, mixing, and list of the performed tests in stage 1 

Grain size distribution of the cements used in this part of the study has already been presented 

in the beginning of the thesis in Figure 7 and in part two. Here is a brief reiteration of the 

cement used in the test in this part of the study. ANL cement is coarse cement with d95 of 

128µm and with a surface area of 310 m2/kg.  INJ30 is a relatively fine-grained cement with d95 

of 32µm and a surface area of 1300 m2/kg. UF12 and UF16 are two very fine-grained cements 

with max grain diameters of 12 and 16µm and respective surface areas of 1600 and 2200 

m2/kg.  All grouts in stage 1 are mixed 4 minutes by a lab-mixer (Figure 42) and the recipes are 

based on 4 liter water. 

The grouting pressure in all the tests was approximately 15 bars with the exception of when 

the grouting pressure itself was the factor of testing. 
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The following tables (Table 19-Table 25) present penetrability tests performed with the short 

slot in stage 1. The numbers in the tables are identification names of each particular test. Table 

19 shows tests performed with cements with a different grain-size curve. Table 20 shows tests 

performed with a varying w/c ratio and Table 21 with a varying grouting pressure. Table 22 

shows tests performed with different constrictions. Table 23 shows tests performed with 

additives, Table 24 with alcohol-cement mixture and Table 25 shows tests performed where 

penetrability of the grouts with and without grout additives are compared with penetrability of 

corresponding cement-alcohol mixtures. To obtain the same grain concentration in an alcohol-

cement suspension as in a corresponding suspension with water, the amount of the alcohol in 

alcohol-cement suspension is measured in liters, since the alcohol has a 20 % lower specific 

weight. This means that a/c is defined in this study as (liter of the alcohol/ kg of the cement).  

The alcohol used is 99.5 % ethanol. 

Table 19: Performed penetration tests by grouts based on cements with different grains-size curve. 

Grout 
Slot geometry (b3) [µm] 

300 200 100 75 50 30 20 

ANL, w/c=0.5 53 54 - - - - - 

INJ30, w/c=0.6 - - 31 32 33 - - 

INJ30, w/c=0.6 - - 34 35 36 37  

UF16, w/c=1.0 - - 51 50 - - - 

UF12, w/c=1.2 43 42 41 40 39 44  

UF12, w/c=1.2 - - 60 59 - - - 

UF12, w/c=2.5 - - - - 67 - - 

Table 20 Performed penetration tests by grouts with different w/c ratio. 

cement Slot (b3) [µm] 
w/c 

0.5 1 2 

ANL 200 54 55 56 

UF16 100 - 51 52 

Table 21: Performed penetration tests with varying grouting pressure. The slot geometry (b3) was 50µm. 

Grout 
Pressure [bar] 

15 7 4 

INJ30, w/c=0.6 36* 57 58 

*Test from Table 19. 

Table 22: Performed penetration tests by different constriction where b1 is varied. 

Grout Slot geometry (b1/b3) [µm/µm] 

 1000/200 300/200 

ANL, w/c=0.5 54* 71 

ANL, w/c=0.6 73 72 

 1000/40 200/40 

INJ30, w/c=0.6 69 70 

54* test from Table 19. 
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Table 23: Performed penetration tests by added grout admixture (3 % of the cement weight). 

Grout 
Slot geometry (b3) [µm] 

200 100 75 50 30 

UF12, 

w/c=1.2 
45 46 47 48 49 

UF12, 

w/c=2.5 
- - - 68 - 

Table 24: Performed penetration tests with cement-alcohol mixture. 

Grout 
Slot geometry (b3) [µm] 

100 50 30 

UF12, a/c=1.2 63 62 61 

UF12, a/c=2.5 - 64 - 

 

Table 25: Performed tests with grouts with and without grout additives and corresponding cement-alcohol 
suspension. 

Cement w/c=2.5 w/c=2.5 + 3% add a/c=2.5 

UF12 67 68 64 

5.4 Penetration test with grouts based on coarse and fine-grained cements 

Hypothesis 

The size of the grains in a cement based grout is an evident factor which influences 

penetrability of the grouts.  Milling of the cement is a method to develop a grout which could 

grout very small fractures.  At certain grain sizes, penetrability of the grouts will be negatively 

influenced due to a larger hydration and flocculation.  Finer particles give a larger specific 

surface in cement which increases hydration.  A larger hydration gives a relatively greater 

enlarging of these fine particles which decreases penetrability.  Flocculation is the other 

process which deteriorates penetration of these grouts.  The finest particles will build the 

flocks due to that the interaction between these particles is governed more by surface 

phenomena than volume phenomena (Herzig et al.,1970; Schwarz, 1997).  The flocks could be 

larger than the apertures and will cause an immediately stop of the flow. 

 

As discussed above, the penetrability of the grouts could be improved by milling the particles 

to a given size. After this size a continued milling will deteriorate the penetrability due to a 

larger hydration and flocculation. 

Measured results 

The results of tested penetration of the grout based on a coarse cement (ANL) with a relatively 

low w/c ration (0.5) performed with 200 and 300µm apertures are shown in Figure 114.The 

measurements with 200µm aperture resulted in an almost immediate flow stop and the 

weight of the passed grout was relatively low (400 grams). In the measurement with 300µm 



Filtration and penetrability of cement–based grout 

 

136                                                                                                                                                             KTH 

aperture, the entire amount of the grout passed through the slot in a time period of two 

seconds. The outflow curve in this measuring was linear and did not show any filtration. 

According to these measurements, bcritical for this grout is between 200 and 300µm. For 

estimation of a more accurate bcritical, slots with apertures between 200 and 300µm are 

needed. With an assumed bcritical of 250µm, the ratio between the critical aperture and d95 (k) 

will be 2.  

 

Figure 114: Penetrability tests performed with ANL w/c=0.5 grout with slot apertures of 300 and 200µm.  
Grouting pressure is 15 bars. 

The next presented measurements are performed with INJ30 w/c=0.6 grout with d95 of 32µm. 

The measurements with 50, 75 and 100µm apertures are performed twice and with a 30µm 

aperture once (Figure 115 and Figure 116). 

The measurements with 75 and 100µm apertures showed principally the same penetrability in 

both measurements. The grouts passed through the slots without any filtration in 

approximately 6 to 8 seconds. 

When decreasing the aperture to 50µm, the grouts were partially filtered during penetration in 

both measurements which started after approximately 4 seconds and continued 6 or 7 

seconds to the time when the gas reached the outlet of the slot and started to erode the 

partially built filter cakes. 

During measuring with the 30µm aperture, the filtration started immediately and continued 

for approximately 35 seconds until the stoppage of the full flow was achieved. The passed 

weight was approximately 900 grams. 

According to these measurements the bcritical for INJ30 w/c=0.6 grout is between 75 and 50µm 

which gives a ratio between the critical aperture and d95 of approximately 2, which is the same 

as for ANL w/c=0.5 grout. 

Eklund and Stille (2008) estimated a higher k (4) for grout based on the same cement although 

a significantly higher w/c ratio of 1.0. They used the penetrability meter with slot geometry. 
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Eriksson et al. (2004) estimated the bcritical of the grout with same cement and w/c, but with 1% 

plasticizer to 100 -150µm with the penetrability meter with mesh geometry. This bcritical gives a 

k between 3 and 4.7 which could mean that the penetrability meter underestimated the 

penetrability related to this method. 

These performed measurements showed good repeatability although the measured outflow 

with a 100µm aperture is expected to be a bit higher than measured with 75µm apertures, but 

they were almost the same. 

 

 

Figure 115: Penetrability tests performed with INJ30 w/c=0.6 grout with slot apertures of 100, 75 and 
50µm. Grouting pressure is 15 bars. 
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Figure 116: Penetrability tests performed with INJ30 w/c=0.6 grout with slot apertures of 100, 75, 50 and 
30µm. Grouting pressure is 15 bars. 

The next measurements were performed with UF16 w/c=1.0 grout with a slot of 100 and 75µm 

apertures (Figure 117). Although the cement in this grout is finer than INJ30 with d95 of 16µm, 

the grout was filtered in both measurements. The reason of filtration was probably a large 

influence of the flocculation and hydration of this fine milled cement. Bcritical for this grout is 

larger than 100µm. Since that a relatively large amount of the grout has passed through the 

slot with a 100µm aperture, bcritical could be assumed to be around 125µm. Then k would be 8, 

which is four times larger compared with the previous grouts. Eklund and Stille (2008) found 

approximately the same relationship.  
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Figure 117: Penetrability tests performed with UF16 w/c=1.0 grout with slot apertures of 100 and 75µm. 
Grouting pressure is 15 bars. 

With the last performed measurements in this paragraph, the penetrability of the UF12 

w/c=1.2 grout is tested. Even if UF12 is the finest cement used in this study with d95 of 12µm, 

this grout showed the lowest penetrability. The reason is probably flocculation and hydration. 

The grout only passed the slot with a 300µm aperture without filtration. The entire amount of 

grout also passed the slot with a 200µm aperture, but with a clear filtration, (Figure 118). 

The measured penetrability with a slot with a 75µm aperture was slightly better than with slot 

with a 100µm aperture, (Figure 118). This suggested that plug-building is partially a random 

process. Additional measurements with these two slot geometries were carried out after ten 

days from the same cement delivery and both measurements showed a poorer penetrability, 

(Figure 119). The relatively large difference in penetrability between these two series indicates 

that grouts were not totally compatible.  

Based on these measurements, bcritical could be assumed to 250µm which gives a ratio between 

the critical aperture and d95 of approximately 21 that is much larger than for the UF16. This 

value is also considerably higher than 16 estimated by Eklund and Stille (2008) by the 

penetrability meter with slot geometry, even though their grout had a lower w/c ratio (1.0). 
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Figure 118: Penetrability tests performed with UF12 w/c=1.2 grout with slot apertures of: 300, 200, 100, 
75, 50 and 30µm. Grouting pressure is 15 bars. 

 

Figure 119: Penetrability tests performed with UF12 w/c=1.2 grout with slot apertures of 100 and 75µm. 
Grouting pressure is 15 bars. 

Table 26 shows the summarized penetrability of these four grouts expressed by bcritical and k 

(bcritical/dmax).  According to the table INJ30 w/c=0.6 grout has the best penetrability and could 

be used to grout a fracture with a 65µm aperture without filtration. Since INJ30 and ANL based 

0 5 10 15 20 25 30 35
0

500

1000

1500

2000

2500

3000

3500

A
c
c
u

m
u

la
te

d
 o

u
tf
lo

w
 [
g

]

Time [s]

GF394041424344:cement UF12;w/c=1.2;b
3
=300,200,100,75,50,30 µm;

Weight of the grout in the container:2373

 outflow (300 µm)

outflow (200 µm)

  outflow (100 µm)

 outflow (75 µm)

  outflow (50 µm)

 outflow (30 µm)

gas reached the outlet

filtration

0 5 10 15 20 25 30 35
0

500

1000

1500

2000

2500

3000

3500

A
c
c
u

m
u

la
te

d
 o

u
tf
lo

w
 [
g

]

Time [s]

GF5960:cement UF12;w/c=1.2;b
3
=100,75 µm;

Weight of the grout in the container:2373

outflow (100 µm)

outflow (75 µm)



Filtration and penetrability of cement–based grout 

 

KTH          141 

grouts have a much lower k then grouts based on UF12 and UF16, the k value could also be a 

measurement of the hydration and flocculation influence on the grouts.  According to these 

measurements, UF12 w/c=1.2 grout is considerably highly hydrated and flocculated. This will 

be further tested with additives and alcohol. The INJ30 w/c=0.6 and ANL w/c=0.5 grouts did 

not show any negative influence from the flocculation and hydration even if INJ30 is a fine 

cement. 

Table 26: Summarized bcritical and k (bcritical/d95) for the grouts based on coarse and fine-grained cements. 

 ANL, w/c=0.5 INJ30, w/c=0.6 UF16, w/c=1.0 UF12, w/c=1.2 

bcritical [µm] 250 65 125 250 

k (bcritical/d95) 2 2 8 21 

Conclusion 

INJ30 w/c=0.6 grout has the best penetrability of the tested grouts according to the short slot 

measurements. The grouts based on finer cement have a considerably poorer penetrability. 

This poorer penetrability is probably caused by higher hydration and flocculation. 

The measurements with the short slot showed better penetrability compared to penetrability 

from the literature study measured with the penetrability meter and mesh geometry of the 

grout based on INJ30. 

The penetrability of the grout based on very fine-grained cement measured by the short slot 

was slightly lower compared to measurements performed with the penetrability meter where 

slot geometry instead of mesh was used. 

5.5 Penetrability test with varying W/C ratio 

Hypothesis 

The risk for arching, during penetration through the slot with constriction, depends not only on 

the relationship between size of the aperture and diameter of the grains, but also on the 

concentration of the grains in the grout i.e. w/c ratio. Whether two or more grains will 

encounter with each other and initiate the arching at the slot constriction depends on the 

distance between them. A higher grain concentration gives a larger risk for arching. 

W/c ratio also influences flocculation which is important for fine-grained cements. Higher w/c 

gives sparser and smaller flocks which gives a lower risk for plug-building. 

Measured results 

Two measurements are chosen from the previous measurements presented in chapter 5.4 to 

test the influence of the w/c ratio on the penetrability. The first chosen measurement is the 

test of ANL w/c=0.5 grout with a 200µm aperture where the flow-stop occurred after just one 

second and 400 grams passed the constriction. See Figure 114. The second chosen 

measurements is the test of UF16 w/c=1 grout with a 100µm aperture where the grout has 

also been filtered. See Figure 117. The w/c ratio is raised and the penetrability of the grouts is 

tested by the same aperture. 

The penetrability of the grouts based on ANL cement with three different w/c ratios (0.5, 1.0, 

2.0) measured by a 200µm slot is shown in Figure 120.  In the measurement with a lower w/c 
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ratio (w/c = 0.5), the plug-building started immediately and was completed very fast, 

approximately after one second. The passed weight was around 400 grams. By increasing w/c 

ratio to 1.0, the filtration time increased five times and the passed weight was approximately 

three times greater. This means that this grout has better penetrability. By further increasing 

of the w/c ration to 2.0, the whole amount of the grout passed the slot during a relatively 

short time and without any filtration. This could be seen from the outflow curve which could 

be approximated as linear. 

These measurements showed that filtration and plug-building are w/c dependent i.e. a greater 

w/c ratio gives better penetrability. 

 

Figure 120: Penetrability tests with varying w/c ratios (0.5, 1.0 and 2.0) performed with slot aperture of 
200µm. Cement used is ANL and grouting pressure is 15 bars. 

Measured penetrability of the grouts based on UF16 cement with a 100µm slot is shown in 

Figure 121.  The whole amount of the grout with a w/c ratio of 1.0 passed the slot with an 

approximately 10 second long filtration.  The full plug would probably be built after some time 

if the capacity of the grout-container was larger.  The grout with w/c=2.0 passed the slot more 

than twice as fast and without any filtration. 

These measurements confirmed that penetration is dependent on the w/c ratio as the 

previous measurements with ANL cement also showed. 

Conclusion 

The measurements with both the coarse and fine cement showed that higher w/c ration gives 

a better penetrability. 
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Figure 121: Penetrability tests with varying w/c ratios (1.0 and 2.0) performed with a slot aperture of 
100µm. Cement used is UF16 and grouting pressure is 15 bars. 

5.6 Penetrability test with varying grouting pressure 

Hypothesis 

Pressure could influence penetration of the grout in a slot with constriction in two different 

ways and at two different places in the slot. 

The first is arching at the slot constriction. The grains in the arch which resist a larger pressure 

must be placed more precisely.  This reduces the margin of the positioning of the grains in the 

arch which may decrease the risk of the plug-building. An eventually built arch at the slot 

constriction could also be eroded easier from the sides with a higher pressure. 

The second is the erosion of the partially built plug along the slot edges as shown in Figure 

110.  The flow of the grout is the lowest at contact with the edges and it is therefore most 

probable that plug-building will start there. The higher pressure gives a higher flow velocity 

which increases the erosion of this eventually started plug-building and improves penetrability. 

This process is possible in a fracture but not in any of the presented methods. 

Measured results 

The measurements with INJ30 w/c=0.6 grout with an aperture of 50µm from Figure 115 and 

Figure 116 are chosen as the reference measurements. During these measurements with 15 

bars pressure, the whole amount of the grout passed the aperture with some filtration. The 

slots are controlled visually after the measurements and the grain accumulation along the 

edges is observed in both cases as mentioned in the hypothesis. See the photos in Figure 123. 
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The penetrability of this grout is tested with a lower grouting pressure (7 and 4 bars) to control 

if the lower grouting pressure manages to keep the slot open over the whole grouting time. 

The results of these measurements are shown in Figure 122. 

With grouting by 4 bars pressure the plug-building and filtration started almost immediately 

and was completed after approximately 75 seconds.  The slot reduction passed only 1600 

grams. 

A larger pressure of 7 bars gave a better penetrability than 4 bars. The entire amount of the 

grout passed the slot during 35 seconds but by a clear decreasing of the outflow which 

indicates filtration during the last 27 seconds of the flow.  In the test with 15 bars pressure, the 

grout passed the slot three times faster than with 7 bars and by a significantly lower filtration. 

The measured results showed that a higher pressure better manages to keep the slot open 

over the grouting time. The photo in Figure 124 shows the slots after the measurements 

grouted by 7 bars pressure. 

Conclusion 

The measurements showed that higher grouting pressure reduced the risk for plug building. 

Since that a higher pressure could improve penetrability the measurements should be 

performed with a pressure as close to the real grouting pressure. 

 

 

Figure 122: Penetrability tests with varying grouting pressures (15, 7 and 4 bars) performed with a slot 
aperture of 50µm. Grout used is INJ30 w/c=0.6. 
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Figure 123 : The photos show the slot after two penetrability measurements performed with 15 bars 
pressure (F33 and F36). Grout INJ30, w/c =2; aperture 50µm. 

 

Figure 124: The photo shows the slot after penetrability measurement performed with 7 bars pressure. 
Grout INJ30, w/c =2; aperture 50 µm. 

5.7 Penetrability test with different geometry of constriction 

Hypothesis 

The geometry of constriction could also influence the penetrability of the grouts. Three 

different constrictions are illustrated in Figure 111. Alt. 1 and Alt.2 depict a constriction in a 

fracture in a better way than Alt.3 which more depicts the contact between the bore hole and 

fracture. 

Alt. 2 has the lowest penetrability as presented in the introduction in chapter 3. 
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Measured results 

Performed measurements are shown in Table 22. The slot geometries of 1000/200 and 

300/200µm are tested with grouts based on ANL cement and slot geometries of 1000/40 and 

200/40µm are tested with grouts based on INJ30 cement. 

For ANL cement, the slot geometry of 300/200µm corresponds to Alt.1 from Figure 111 and 

1000/200 corresponds to Alt.3.  For INJ30 cement, the slot geometry of 200/40 corresponds 

approximately to Alt2 and 1000/40 to Alt.3. 

Around 500 grams of grout passed through the slot with a slot geometry of 300/200µm in 

measurement 71 from Table 22 with a ANL w/c=0.5 grout. This result is approximately the 

same compared with test with a slot-geometry of 1000/200µm where 400 grams of the same 

grout passed the slot, (Figure 114).  Since this grout could be too thick for both geometries, the 

grain concentration is reduced by raising the w/c ratio to 0.6 and two new tests are 

performed.  Figure 125 shows the result of this performed test.  The whole amount of the 

grout with the larger constriction passed the slot compared to just 700 grams of the grout 

passed with the lower constriction. This suggests that the geometry of constriction could 

influence the penetrability of the grouts. 

The test performed by INJ30 w/c=0.6 grout with 200/40 and 1000/40 slot geometries does not 

confirmed the result estimated by test with ANL cement. Both tests resulted in a direct stop of 

the flow. The chosen aperture of 40 µm could be too small for this grout. The choice of the slot 

geometries for INJ30 w/c=0.6 grout is based on measurements by this grout performed with 

50 and 30µm apertures where whole amount of the grout respective 900 grams passed 

through the slot, (Figure 115, Figure 116). 

Conclusion  

The measurements with ANL cement suggest that the geometry of constriction could influence 

penetrability of the grouts while measurements with INJ30 could not confirm this. More 

measurements should be performed.  
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Figure 125: Penetrability tests with varying geometry of constriction (1000/200, 300/200) performed with 
ANL w/c=0.6 grout. 

5.8 Penetrability test with grouts with additives 

Hypothesis 

The measurements performed with grouts based on cements with different grain-size curves 

indicated that hydration and flocculation deteriorate penetrability of the grouts based on very 

fine-grained cements. A dispersion agent should improve the penetrability of the grouts based 

on very fine-grained cements if the reason for this pore penetration is flocculation. 

In the measurements presented in Figure 118, UF12 w/c=1.2 grout passed a 300µm aperture 

without filtration, while in the test with the 200µm aperture, the grout was significantly 

filtered. The filtration sustained around 13 seconds before the gas reached the outlet. The 

same grout is tested with an additive for dispersion of the cement grains based on melamine 

and naphthalene (Cementa HPM). The added amount is 3% of the cement weight. 

Measured results 

The results of the tests with additives are shown in Figure 126.The grout penetrates a 200µm 

aperture with a low filtration at the end of the penetration. The filtration was considerably 

lower than in the corresponding measurements without additives (Figure 118). With a 100µm 

aperture the whole amount of the grout passed also through the slot but the grout was filtered 

for around thirteen seconds, which was approximately the same filtration time as with a 

200µm aperture without the additive. This is a considerable improvement of the penetrability 

although the relationship between groutable aperture and d95 is still high. This is around 16, 

which means that grout is not completely dispersed. 
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With 75, 50 and 30µm apertures, the amount of grout passed through the slot was 

approximately the same as without the additive. 

Conclusion 

The additives have a positive effect on the penetrability of the grouts based on very fine-

grained cements, but they are still considerably flocculated with a k value around 16. 

 

Figure 126: Penetrability tests with UF12 w/c=1.2 grout with additives (3% of the cement weight) 
performed with slot apertures of 200, 100, 75, 50 and 30µm. 

5.9 Penetrability test with cement-alcohol suspension 

Hypothesis 

The measurements by additives showed that grouts based on very fine-grained cements are 

still flocculated with a k value around 16 which is much higher compared with the measured k 

for INJ30 w/c=0.6 grout of 2 (Table 26). 

Cement grains are not enlarged by hydration in a cement-alcohol suspension and should 

therefore have a better penetrability than corresponding grout. 

Yang et al. (1997) investigated flocualtion of the cement pastes and cement-alcohol 

suspensions and concluded that cement-alcohol suspensions are not flocculated. It should be 

noted that used cement was similar to ANL which is much coarser than UF12. It is therefore 

reasonable to conclude that cement-alcohol suspension based on UF12 should also have a 

reducing effect on flocculation. 

Based on these two observations it can be assumed that a cement-alcohol suspension is not 

influenced by hydration and less influenced by flocculation than the corresponding grout and 

therefore should have a better penetrability. 
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Measured results 

The result of the performed penetration measurements of the UF12 a/c=1.2 cement-alcohol 

suspension with 100, 50 and 30µm apertures are shown in Figure 127. The measured 

penetrability of the cement-alcohol suspension was even slightly lower than the measured 

penetrability with additives.  Figure 128 shows the filter cake from the test performed with a 

slot aperture of 100µm, where passed amount of the grout was only 1600 grams although 

eliminated hydration. This aperture is 9 times larger than d95. 

This suggests that a non-water related flocculation may still influence the grains and contribute 

to the plug-building. A lesser concentration of the grains in alcohol could possibly decrease 

influence of flocculation. To test this, an additional measurement by increasing the a/c to 2.5 is 

performed and the result of this test is shown in Figure 129.  In this test the whole suspension 

passed without any filtration which means that the suspension with lower grain concentration 

could be lower flocculated. 

To test if the grout is still influenced by hydration and flocculation even in a system with 

relative low grain concentration, additional measurements with w/c ration of 2.5 with and 

without additives are performed. The results presented in Figure 130 showed that grouts have 

a much poorer penetrability than corresponding cement-alcohol suspension. This confirmed a 

significant influence of hydration and flocculation even in the grouts with low particle 

concentration. 

Conclusion 

Summarized penetration results performed with UF12 w/c =1.2 grouts with and without 

additives and corresponding cement-alcohol suspension are shown in Table 27. A large k 

shows that flocculation and hydration considerably influence penetrability of the grouts based 

on very fine cements. Additives could improve penetrability to some extent. The tests with 

alcohol indicate that the grains in a cement-alcohol suspension also can be flocculated.  

Table 27: Summarized bcritical and k for UF12 w/c =1.2 grouts with and without additives and corresponding 
cement-alcohol suspensions. 

 
UF12 w/c =1.2 grout 

without additives 

UF12 w/c =1.2 grout 

with additives 

UF12-alcohol 

suspensions 

a/c=1.2 a/c=2.5 

bcritical [µm] 250 200 200 50 

k (bcritical/d95) 21 16 16 4 
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Figure 127: Penetrability tests with UF12 a/c = 1.2 cement–alcohol suspension performed with slot 
apertures of 100, 50 and 30µm. The pressure is 15 bars. 

 

Figure 128: Filter cake from the penetrability test with a U12 a/c=1.2 cement-alcohol suspension 
performed with a slot aperture of 100µm presented in Figure 127. 
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Figure 129: Penetrability tests with varying a/c ratio (2.5, 1.2) performed with slot apertures of 50µm. Used 
cement in the suspension is UF12. The pressure is 15 bars. 

 

Figure 130: Tested penetrability of the grouts with and without additives and corresponding cement–
alcohol suspension performed with a slot aperture of 50µm. Cement is UF12, w/c and a/c ratio 
is 2.5 and the pressure is 15 bars. 

5.10 Discussion of the test results measured by the short slot in stage 1 

Dependent on the finesses of the cement, the penetrability of the grouts varied significantly. 

The best penetrability showed INJ30 w/c=0.6 grout with bcritical of around 65 µm. Even though 

UF12 w/c=1.2 grout is based on the finest cement, it showed the same penetrability as ANL 

w/c=0.5 with a bcritical of around 250µm. 
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K (bcritical/d95) could also be a measurement of the hydration and flocculation of the grouts and 

according to these measurements, the UF12 w/c=1.2 grout with a k value of 21 is the most 

flocculated grout in this study.  

The performed measurements with the cement-alcohol suspensions also confirmed the 

negative influence of the hydration and flocculation on penetrability of the grouts based on 

very fine cements.  

A higher grain concentration gives a poorer penetrability which was confirmed both with tests 

by varying w/c ratio and by the performed measurements with cement-alcohol suspensions. 

The higher pressure reduces the risk of arching and increases the erosion of both the partially 

built plug at the slot constriction and the accumulated grout near the edges of the slot. 

Geometry of constriction may also influence the penetrability of the grout. This should be 

investigated more. 
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6 Penetration tested by a long slot, short slot and a penetrability 

meter in stage 2 

6.1 Introduction 

In this stage the penetrability of different grouts is tested by a long slot, short slot and a 

penetrability meter. The tests by the long slot are carried out to study influences of the 

pressure loss in the slot after constriction on penetrability. Additional measurements with the 

penetrability meter from Eriksson and Stille (2003) are performed to compare results of the 

same grout estimated by different methods. 

The grouts used in this stage are chosen with expected filtration so that the filtration could be 

studied. The choice is based on the previous presented measurements where grouts were 

partially filtered. 

6.2 Filtration measured by the long slot 

Figure 131 a) illustrates the longitudinal section of the slot which is 4m long and 100mm wide. 

The aperture of the first two meters of the slot is 0.5mm and then changed to 1mm along a 

length of 30 mm. Thereafter the aperture is reduced to 75µm. 

Figure 131 b) illustrates penetration of the grout and plug-building at constriction during 

grouting. In the beginning of the grouting, grout flows without assemblage of the grains at the 

constriction. After a while, some grains stick at the constriction which initiates accumulation of 

the grains. The accumulation continues and at the end a complete plug has been built which 

stops the flow. 

Four characteristic places in the slot are chosen to measure pressures during penetration as 

shown in Figure 131 a). The measured pressures are: P1, the pressure in the grout container, 

P2, the pressure just before the constriction, P3, the pressure just after the constriction, and 

P4, the pressure close to the end of the slot. 

The graphs in the Figure 131 c) and d) illustrate pressures P1, P2, P3 and P4 during grouting in 

cases without plug-building and with plug-building when the grout is filtered. 

In the case without plug-building, all pressures remain constant during the entire grouting time 

after steady state. 

The pressures change when the plug-building occurs and grout is filtrated until the stop of the 

flow is achieved. This is shown in Figure 131 d). The start of the filtration of the grout is 

detected by the increasing of pressure P2 and decreasing of pressures P3 and P4. A grooving 

filter cake reduces the flow area at the slot constriction and causes a decrease of the flow. Due 

to the lower flow, the pressure loss is reduced in the slot before the constriction and this 

causes increasing of the P2 and decreasing of the P3 and the P4.  

Filter cake could reach P2-presure gauge or not before stop of flow. In cases when the flow 

stops before than filter cake reaches P2-presure gauge, P2 will reach P1. In cases when the 

filter cake reaches P2-pressure gouge before the total stop of the flow is obtained, P2 will start 

to decrease from the moment when the filter cake reached the P2-pressure gauge. 
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The detailed drawing of the long slot is presented in appendix 2.  The outlet of the long slot is 

shown in Figure 132. 

 

Figure 131: Test of the grout-filtration in the long slot by measuring of some characteristic pressure. 
Sketch a) illustrates a longitudinal section of the long slot with four measured pressures.  The 
sketches in b) illustrate penetration of the grout and plug-building at constriction during 
grouting.  The graphs c) and d) illustrate the pressures during grouting in case without plug-
building and with plug-building when grout is filtered. 

 

Figure 132: Outlet of the long slot. 

6.3 Cements used, mixing and list of the performed tests in stage 2 

Cements used in this stage are INJ30, MF20 and UF12. INJ30 and UF12 are the same cements 

as used in stage 1. MF20 is newest developed cement from Cementa with d95 of 20µm. 
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A desired result in penetration measurements with the long slot, which are presented in Table 

28, is filtration of the grouts. This will give the possibility to study the filtration process over 

time. 

The tests by the long slot are also carried out to study influence of the pressure loss in the slot 

after the constriction on penetrability. A longer slot after the constriction will give larger 

friction and lower flow. A lower flow gives a lower pressure gradient at the constriction which 

could decrease the penetrability. 

A clear and long filtration during the penetration test means that a 75µm aperture is close to 

the critical aperture for a chosen grout. A penetrability test performed with the long slot will 

be compared with corresponding test performed with the short slot. A better penetrability 

measured with the short slot could mean that a longer slot after the slot constriction 

decreases penetrability.  

The grouts are chosen on the basis of the results shown in stage 1. INJ30, w/c=0.6 is chosen on 

the basis of results shown in Figure 115 and Figure 116. This grout passed the 75µm aperture 

while test with 50µm aperture showed filtration. Then the critical aperture in the short slot for 

this grout should be between 75 and 50µm. Consequently, an expected lower penetrability in 

the long slot should give filtration for 75µm aperture. UF12, w/c=1.2 grout is chosen similar as 

INJ30, w/c=0.6 grout. The choice is based on the results shown in Figure 118 and Figure 119 

where this grout showed filtration. Since MF20 is a new cement, the choice of w/c=0.9 for this 

cement is based on the results estimated with UF16, w/c=1.0 grout, (Figure 117). W/c ration 

for MF20 is decreased to 0.9 since that MF20 is somewhat coarser than UF16. 

The corresponding tests with the short slot are performed to compare results with 

penetrability estimated with the long slot as mentioned above. The measurements with the 

penetrability meter are carried out to compare the results estimated by the long and short slot 

with the results estimated by an already established measuring method. 

All grouts are mixed 3 minutes with a field mixer Cemix 103 from Atlas Copco and performed 

tests are showed in Table 28. 

Table 28: Performed tests by the long slot, short slot and the penetrability meter in stage 2. The grouts are 
mixed by a field mixer Cemix 103 from Atlas Copco. 

Grout 
Measuring equipment 

Long slot Short slot Penetrability meter 

INJ30, w/c=0.6 LSF7, LSF13 KSF7 PMF7 

UF12, w/c=1.2 LSF11, LSF17 KSF16 PMF3* 

MF20, w/c=0.9 LSF9, LSF14 KSF4 PMF2 

*30 minutes old grout. 

6.4 Results of the performed test with the long slot, short slot and the 

penetrability meter 

6.4.1 Penetrability test with INJ30 w/c=0.6 grout 

The result of the penetrability test with INJ30 w/c=0.6 grout performed with the long slot is 

shown in Figure 133. The four curves in the graph present the pressures P1, P2, P3 and P4 as 
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described in the Figure 131. By opening valve V1 (Figure 131), the pressure in the grout-

container (P1) jumps to a grouting pressure of approximately 15 bars. The grouting of the slot 

is started by opening valve V4 (Figure 131). In this moment, pressure P2 (the pressure before 

the constriction) rises to approximately 13.5 bars, P3 (the pressure after the constriction) rises 

to approximately 13 bars and pressure P4 (the pressure close to the outlet of the slot) rise to 

approximately 4 bars. The grouting continues for approximately 80 seconds to the time t of 

105s when the gas from the gas container reaches the outlet of the slot. This is indicated by a 

sudden increase of pressure P4 and the measuring is finished by closing valve V4 and then P4 

drop to zero. 

Pressures P2 and P3 slowly increase in the beginning of the grouting until the front of the grout 

reaches the end of the slot (t ≈ when P4 jump to 4 bars) as a result of increased penetration 

length. See Figure 134. This period of slowly increasing of the pressures P2 and P3 could also 

be observed in Figure 133. Then pressure P2 starts to slowly increase while P3 and P4 start to 

slowly decrease during approximately a period of 18 seconds to the time around 52 seconds 

on the graph. This indicates the filtration of the grout at the slot constriction. 

After this period, during a new period of approximately 10 seconds, pressures P1, P2 and P3 

remain constant. This indicates that the started filtration of the grout is currently stopped and 

the flow during this time is constant. 

Later, t≈64 seconds, a small fall of pressure in P2 and small pressure jump in P3 and P4 occurs 

which could be a result of the sudden erosion of a partially built plug. 

Following the sudden erosion, a new period of the filtration starts up and continues until t 

reached 80 seconds which is also indicated by the slow increase of P2 and the slow decrease of 

P3 and P4. 

From the time of 80 seconds, all the pressures was principally constant which could mean that 

flow was steady without any further filtration until the gas reached the outlet. The partially 

built filter cake from this test is shown in picture 1 of Figure 136. 
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Figure 133: Penetrability test LSF7 performed with the long slot with INJ30 w/c=0.6 grout. 

 

Figure 134: The pressure changes along the slot until front of the grout reach the outlet. 

The result of the repeated test by the same grout, i.e. the grout with the same recipe, where 

the entire amount of the grout passed the slot as in the previous test, is shown in Figure 135. 

In this test the filtration does not started early as in the previous test, rather after 

approximately 45 seconds after the start of the grouting. This is indicated by decreasing of 

pressures P3 and P4 and the slow increase of P2, which is marked as the filtration period in 

Figure 135. The sudden pressure jump of P3 and P4 at the end of the filtration period could be 

erosion, but pressure in P2 should also decrease. The partially built filter cake in this test could 

be seen at pictures 2 (lower plate) and 3 (upper plate) in Figure 136. Although the filtration in 

this measurement started after some time, these two measurements showed a similar result. 

The result also showed that the filtration process could by indicated by these four 

characteristic pressures. 
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Figure 135: Penetrability test LSF13 performed with the long slot with INJ30 w/c=0.6 grout. 

 

Figure 136: shows the partially build filter cake in the LSF7 and LSF13 tests. Picture 1 shows the lower 
plate at the constriction in the LSF7 test and pictures 2 and 3 show the lower and upper plate 
in the LSF13 test at the same location. 

The penetrability of the same grout is also tested by the short slot with a 75µm aperture and 

the result is shown in Figure 137.  Only 800 grams of the grout passed the slot. The 

penetrability was quite poorer than in corresponding measurements from stage 1 (Figure 115, 

Figure 116) where the entire amount of the grout passed through the slot. This also suggests 

that the choice of the mixer influences penetrability of this grout. 
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The penetrability of this grout is furthermore tested by a penetrability meter. This 

measurement also showed a relatively poor penetrability. The amount of the passed grout for 

a 75µm filter was only 60ml and estimated bmin and bcritical were 68 respective 172µm. 

The measurements performed by Eriksson et. al (2004) with a penetrability meter, where 

grouts were mixed by a lab mixer and a field mixer of a colloidal type, also showed a large 

variation of the bcritical.  Bcritical of the similar grout (w/c=0.8) mixed by lab mixer varied between 

100 and 150µm while mixed by field mixer of colloidal type, bcritical  varied between 100 and 

210µm. 

This means that despite of a large variation of the penetrability, this grout mixed by the field 

mixer has a somewhat lower penetrability compared with a grout mixed by lab mixer. 

 

 

Figure 137: Penetrability test KSF7 performed with the short slot with an aperture of 75µm and with INJ30 
w/c=0.6 grout. 

Conclusion 

The measurements by the long slot showed that the filtration process could by indicated by 

these four characteristic pressures. The measurements also suggested  that erosion of the 

partially built plug could be observed. 

During measurements of the penetrability by the long slot, the grout passed through the slot in 

both measurements with partial filtration while with measuring by the short slot only 30% of 

the grout passed the slot. This suggests that grout penetrates easier through the long slot 

which could mean that a longer slot after the constriction does not decrease penetrability. 

The penetrability measured with the short slot in this stage was poorer than penetrability 

measured by the short slot in stage 1. This suggest that the field mixer of this type decreases 

the penetrability of the grouts based on this cement but further investigation more focused on 

the mixing should be performed. 
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6.4.2 Penetrability test with UF12 w/c=1.2 grout 

The next series of measurements by the long slot, short slot and the penetrability meter were 

performed with UF12 w/c=1.2 grout. This grout showed a poorer penetrability in stage 1 than 

INJ30 w/c=0.6 (Figure 118, Figure 119, aperture 75µm).  In the measurements with the alcohol 

and additives it was shown that the reason could be hydration, flocculation and high grain 

concentration. Hjertström and Petersson (2006) showed that mixing of the grouts based on 

this fine-grained cement is important and a significantly better penetrability is achieved by 

mixing these grouts with a mixer of colloidal type (with high speed). The mixer used in these 

measurements is a colloidal type mixer. 

The test results measured by the long slot are shown in Figure 138 and Figure 139. In the first 

measuring, the grout passed through the slot during approximately 80 seconds. The 

measurement showed an immediate start of the plug-building, indicated by the increasing of 

P2 and decreasing of P3 and P4 over time, between 18 and 38 seconds. At the end of this 

period sudden erosion occurred. 

After this time, pressure P2 remained principally constant while in P3 was primarily decreasing 

the rest of the time with a large variation. This large variation of the pressure P3 is caused by 

frequent change between plug building and erosion of the partially build plug. This conclusion 

is based on the observed pulsing of the outflow at the outlet which was filmed. 

It should be noted that P2 should be somewhat higher than P3 while the measurements in the 

beginning showed the opposite. This could mean that some of P2 and P3 pressure-gauges 

showed a larger or lower pressure but the important is the trend of the measured pressures 

which shows filtration. 

 

Figure 138: Penetrability test LSF11 performed with the long slot with UF12 w/c=1.2 grout. 

The result of the repeated test with the same grout is shown in Figure 139. In this 

measurement the filtration of the grout also started immediately as in the previous test. The 

difference was that in this test, no erosion of the plug occurred and the plug was grooving 
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during the entire grouting. A certain outflow at the outlet was observed during whole grouting 

time. According to the pressure P2, the plug reached the pressure gauge P2 at t 35 seconds 

which is detected by started decrease of the pressure. The filter cake continues to grow. At 

time 155 seconds, the measuring was stopped even if the total stop of the flow was not 

achieved and only approximately 25% of the grout had passed the slot. 

The filter cake from the test presented in Figure 139 is shown in Figure 140 . Pictures 1 and 2 

show the filter cake at the upper plate and picture 3 shows a part of the filter cake at the lower 

plate. Picture 2 also shows places where the pressures P2 and P3 are measured. It could be 

seen that the filter cake passed the P2 gauge by approximately 50mm and confirms the 

previous explanation that pressure P2 starts to decrease when the filter cake passed the 

pressure-gauge P2. Picture 5 shows the lower plates of this test. It could be seen that even 

during plug building, the slot after constriction could be grouted by this grout.  

 

Figure 139: Penetrability test LSF17 performed with the long slot with a UF12 w/c=1.2 grout. 
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Figure 140: The long slot after the performed test presented in Figure 139.  Pictures 1 and 2 show the filter 
cake at the upper plate and picture 3 shows the part of the filter cake at the lower plate. 
Picture 2 also shows the distances in mm where pressures P2 and P3 are measured. 

The result of the penetrability test measured by the short slot is shown in Figure 141.  2250 

grams of the grout passed the slot during approximately 35 seconds with a constantly 

decreasing rate of the outflow which indicates filtration. There are similarities between this 

test and tests performed with the long slot where grout was also filtered from the beginning of 

grouting. 

The amount of grout which passed through the short slot in this stage was somewhat higher 

(2250g) than in stage 1 (1600 and 250 grams, Figure 118 and Figure 119) where the grouts 

were mixed by a lab mixer. This indicates that the field mixer is more appropriate for this type 

of cement but additional measurements should be performed.  

The passed volume measured by the penetrability meter with a 75µm filter was low (78ml) and 

approximately the same as measured for the INJ30 w/c=0.6 grout. The estimated bmin is 49 and 

bcritical is 419µm. 
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Figure 141: Penetrability test KSF16 performed with the short slot with an aperture of 75µm and with UF12 
w/c=1.2 grout. 

Conclusion 

The measurements by the long slot with UF12 w/c=1.2 grout confirmed that the filtration and 

erosion process could be indicated by measuring of the characteristic pressures. 

In one measurement by the long slot, the grout passed the slot with a clear filtration and 

erosion during the entire penetration while in the other measurement principally a complete 

stop of the flow occurred. The passed amount of the grout measured by the short slot was also 

relatively high but the plug was still built. These measurements with the long and short slot 

confirm that a 75µm aperture is close to critical aperture for this grout. 

The passed amount of the grout measured by the short slot in stage 1 was lower than 

measured in this stage which indicated that a field mixer is more appropriate for mixing a 

grout based on this very fine-grained cement. 

6.4.3 Penetrability test with MF20 w/c=0.9 grout 

The last measurements series in this stage is performed with grout based on MF20 cement 

with a w/c ratio of 0.9.  The result of the first measurement performed with the long slot is 

shown in Figure 142.  The whole amount of the grout passed the slot during approximately 18 

seconds and during the majority of this time, the grout was to some extent filtered. The 

filtration started early but the pressure managed to keep the slot open for the flow.  Some 

erosion occurred near the end of the grouting time and shortly after this, the gas reached the 

outlet and the test was stopped. 
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Figure 142: Penetrability test LSF9 performed with the long slot with MF20 w/c=0.9 grout. 

The result of the second measurement by the same grout is shown in Figure 143. The filtration 

of the grout started immediately which caused an increase in pressure P2 and a decrease in 

pressure P3. This could be seen well in Figure 144 which is an enlarged diagram of the first 35 

seconds of the same measurements. In this test erosion did not occur during grouting as in the 

previous test. 

The passed amount of the grout was approximately 0.5 l or approximately 30% of the initially 

contained grout.  The picture to the right in Figure 145 shows the part of this grout. It could be 

seen that the passed grout is relatively thick although the filtration during the entire grouting 

time. The left picture shows the lower plates at the slot reduction with a built filter cake of 

around 100mm length.  An interesting thing which could be observed in this picture is a 

channel in the middle of the filter cake. It seems that the plug was built at the left and right 

side of this channel and that flow of the grout occurred through this small channel during most 

of the grouting time. This is the reason why the flow was much lower than in the previous test 

and the grout at the outlet was thick. At the end after around six minutes this channel was also 

plugged which stopped the flow. 

During this test it was observed that the grouting pressure (P1) was 3 bars lower than ordinary 

grouting pressure of around 15 bars. This could be the reason for a poorer penetrability. 

However the pressure was then adjusted to 15 bars (t=200 s) but this did probably not 

influence the penetrability after the adjustment. On the other hand the sudden drop of the 

pressures P2 and P3 during grouting is difficult to explain. An electrical problem with the 

measuring equipment could not be excluded. 
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Figure 143: Penetrability test LSF14 performed with the long slot with MF20 w/c=0.9 grout. 

 

Figure 144: The first 35 seconds of test LSF14 showed in Figure 143. 

 

Figure 145: The left picture shows the slot at constriction after the test. It could be seen that filter cake was 
approximately 100mm long and as well as a channel in the middle of the filter cake. The right 
picture shows the passed grout at the outlet taken at the end of the LSF14 test. 
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This grout showed a good penetrability when tested with the short slot. The grout passed the 

slot in 22 seconds which could be seen in Figure 146. This is the only grout in stage 2 where the 

complete amount of the grout penetrates through the short slot. 

The measurement by the penetrability meter also showed that this grout has the best 

penetration ability of these three grouts.  The passed volume for a 75µm filter was 530ml, 

which is almost nine time as much as the INJ30 w/c=0.6 or UF12 w/c=1.2 grout had.  The 

estimated bmin is 47 and bcritical is 105µm. 

 

Figure 146: Penetrability test KSF17 performed with the short slot with an aperture of 75µm and with 
MF20, w/c=0.9 grout. 

Conclusion 

The measurements by the long slot with MF20, w/c=0.9 grout also confirmed that the filtration 

could be detected by the measurements of the characteristic pressures. 

In one measurement by the long slot, MF20, w/c=0.9 grout passed the slot while in the second, 

the stop of the flow occurred. This aperture could also be the critical aperture for MF20, 

w/c=0.9 grout which could mean that the penetrability of this grout is approximately the same 

as the penetrability of UF12 w/c=1.2 grout. 

On the contrary from the measured results estimated by the long slot, the measurements by 

the short slot and the penetrability meter with MF20, w/c=0.9 grout showed that this grout 

has some better penetrability than UF12 w/c=1.2 or INJ30 w/c=0.6 grout. 

 

6.5 Discussion of the test results measured by the long slot, short slot and the 

penetrability meter in stage 2  

Table 29 shows a summarized result of the performed measurements by the long slot and the 

short slot with a 75µm aperture and the penetrability meter in stage 2. These measurements 

showed some different results between measurements by the long slot and the short slot. 

INJ30 w/c=0.6 grout showed the best penetrability measured by the long slot while MF20 

w/c=0.9 grout showed the best penetrability when measured by the short slot and a 

penetrability meter. 
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In almost all the tests performed with the long and short slot, the grouts were evidently 

filtered during a longer time. Though filtration, a significant amount of the grout had passed 

through the slot in almost all these tests. This measured filtration confirmed that the choice of 

the grouts was correct and that the aperture of 75µm is close to the critical aperture for these 

grouts. This could be an explanation for why the measurements performed with the long slot 

and with MF20, w/c=0.9 and UF12 w/c=1.2 grouts showed some different results.  

The measurements by the long slot in stage 2 (Figure 133, Figure 138 and Figure 142) indicated 

erosion with a sudden decrease of the pressure in front of the constriction and a sudden 

increase of the pressure after the constriction. The erosion could occur in the short slot also 

which was indicated by the measurements with varying pressures and illustrated with photos 

in Figure 123 and Figure 124. These observations suggest that erosion could also be a process 

which takes place during penetration of the grout through the fractures and a higher pressure 

could increase the erosion. 

Table 29: Passed amount of the grout measured with the long and short slot with a 75µm aperture and the 
penetrability meter from stage 2 mixed with a field mixer. 100% in the long and the short slot 
corresponds to 1.7 liters while in the penetrability meter it corresponds to 1 liter. 

Grout 
Long slot 

V=1.7 liter 

Short slot 

V=1.7 liter 

Penetrability meter 

Passed amount for 

75µm mesh width 

[ml,%], 

bmin -bcritical 

[µm-µm] 

INJ30,w/c=0.6 

100% passed with 

filt. 25% passed (stop 

after 5s) 

60ml or 6% 

Filt. between 

68-172 
100% passed with 

filt. 

MF20,w/c=0.9 

100% passed with 

filt. 100% passed without 

filt. 

530ml or 53% 

Filt. between 

47-105 30% passed with filt. 

UF12,w/c=1.2 

100% passed with 

filt. 

95% passed (filt. 

during whole 

penetration time of 

40s) 

78ml or 8% 

Filt. between 

49-419 25% passed with filt. 

 

Table 29 shows the results estimated with these three different measuring methods in 

percentage. Comparison of these relative results between the methods is complex due to 

different flow geometry and different initial volume of the grout. 

When the entire amount of a grout passes the given slot and corresponding filter without any 

filtration, the results could be interpreted as similar. 

When filtration occurs, the analysis of the results measured by these different methods is 

difficult. The comparison between the results estimated by the long and the short slot is easier 

since similar flow geometry than comparison between the results estimated by these two 

methods and by the penetrability meter. A way to compare these results is to show the passed 
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amount of grout per flow area at the outlet (ml/mm2). The long slot has a flow area at the 

outlet of 7.5mm2 and the short slot has a flow area of 9mm2. The penetrability meter has a 

much larger outlet. The diameter of the outlet is 24mm and the diameter of the wires used to 

manufacture a mesh of 75µm is 50µm. This gives an effective flow area at the outlet of 

166mm2 for a mesh of 75µm. The effective flow area at the outlet means that area of the wires 

is excluded. 

The results measured in stage 2 are presented in Table 29 as relative amount of the passed 

grout and in Table 30 as passed volume of the grout divided by the area of the outlet. The 

results where whole amount of the grout passed the slot, is also marked with 100% which 

means that even more grout should pass through the slot if the volume of the grouting 

container had been larger. 

The measurements with INJ30 w/c=0.6 performed with the long slot showed much better 

penetrability than measurements performed with the short slot. The comparison between the 

measurements performed with the long and short slot for MF20 w/c=0.9 and UF12 w/c=1.2 

grouts is somewhat more complicated since that the results measured with the long slot 

varied. However the medium values of the results from the long slot is approximately the same 

as results estimated with short slot. 

The results estimated with the penetrability meter are much lower compared to the slot 

methods. This could mean that the penetrability meter significantly underestimates 

penetrability of the grouts. 

Table 30: Results shown in Table 29 presented with passed volume of the grout divided by the area of the 
outlet [ml/mm

2
]. 

Grout 
Long slot 

[ml/mm2] 

Short slot 

[ml/mm2] 

Penetrability meter 

[ml/mm2] 

INJ30, w/c=0.6 
226 (100%) 

51 0.36 
226(100%) 

MF20, w/c=0.9 
226(100%) 

171(100%) 3.19 
66 

UF12, w/c=1.2 
226(100%) 

173 0.47 
56 

 

It was expected that the pressure loss in the long slot after the constriction could reduce the 

penetrability of the grouts. This reducing of the penetrability was not experimentally shown 

comparing the results estimated by the short slot and long slot which are presented in Table 

30. 

The long slot could not be used for daily measurements of the penetrability of the grouts but 

the measurements by this method are probably closest to the true compared with 

measurements with short slot or penetrability meter. With this assumption it is possible to 

evaluate measured results from short slot and penetrability meter. 

The variation of the results measured with the long slot made comparisons by other methods 

difficult. However, it could be concluded that the penetrability meter underestimate 

penetrability and the short slot gives somewhat conservative results compared with the long 
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slot.  A larger number of the measurements with all three methods has to be carried out in 

order to get a better prediction. 
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7 Discussion of the test results measured by a short slot in stage 1 

and 2  

Table 31 shows passed amount of the grout measured by the short slot with an aperture of 

75µm in stage 1 mixed by a lab mixer and in stage 2 mixed by a filed mixer. In the tests with 

INJ30 w/c=0.6 grout, the whole amount of the grout mixed by a lab mixer passed the slot twice 

without any filtration while only 25% passed through the slot mixed by field mixer. This 

indicates that a field mixer is not the best alternative for this cement. On the other hand a 

UF12 w/c=1.2 grout mixed by a field mixer showed a better penetrability which suggests that a 

field mixer is more suitable for the grouts based on this very fine-grained cement and similar 

results are also shown by other researchers (Hjertström and Petersson ,2006). 

Table 31: Passed amount of the grout measured by the short slot with an aperture of 75µm in stage 1 
mixed by a lab mixer and in stage 2 mixed by a field mixer. 

Grout Stage 1 (lab mixer) Stage 2 (field mixer) 

INJ30,w/c=0.6 
100% passed without filt. 25% passed (stop after 

5s) 100% passed without filt. 

UF12,w/c=1.2 

70% passed (filt. during whole 

penetration time of 35s) 
95% passed (filt. during 

whole penetration time 

of 40s) 10% passed (flow stop after 2s) 
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8 Conclusion 

Penetration and filtration of grout are complex processes influenced by many factors.  Mixing, 

grain-size curve of the cement, hydration and flocculation, pressure, grain concentration, 

geometry of constriction are some of them. 

The grouting pressure could influence penetrability of the grouts. A higher pressure could 

erode partially built plugs along the edges of the fractures and hold the fractures open for a 

longer time which prolongs the penetration. 

Mixing of the grout could also influence penetrability. The grouts based on very fine-grained 

cement showed somewhat better penetrability when mixed with a field mixer, while the 

grouts based on INJ30 showed somewhat better penetrability when mixed with a lab mixer. 

This should be investigated further with a higher focus on the mixing. 

The results measured by the long slot showed reasonable results and are probably closest to 

the truth compared to the short slot and the penetrability meter. The short slot gives 

somewhat conservative results while the penetrability meter could to a larger extent 

underestimate penetrability of the grouts.  

More measurements with the long slot method are preferred to get reference values for a 

deeper discussion of suitability of measurements with short slot and penetrability meter. 
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PART IV  

1 Executive Summary 

Bleeding of cement-based grouts 

Bleeding process is very complex and is governed by different physical and chemical processes 

like sedimentation, consolidation, flocculation and hydration. 

The study showed that consolidation has a small influence on bleeding in fractures. Mainly the 

bleeding in the fractures is the result of sedimentation. Sedimentation in a horizontal fracture 

occurs very fast and during grouting itself. The bleeding caused by sedimentation will 

therefore be refilled at least partially. In vertical or inclined fractures, arching and hydration 

will resist the bleeding since the separation process occurs slowly, so a bleeding will not be 

developed. 

The results measured by standard measuring methods are therefore not representative for 

bleeding in the fractures in rock. The bleeding will be considerably less in rock fractures if any. 

Based on the study it can be concluded that grouts with a w/c ratio of 1 based on UF12 and 

INJ30 will not give any bleeding in rock fractures. The grout based on ANL will give a bleeding 

around 5%. Also the grout with a w/c ratio of 2 based on UF12 will not give any bleeding. The 

grout based on INJ30 with a w/c ratio of 2 will give a bleeding around 5% and the grout based 

on ANL cement around 15%. 

Filtration and penetrability of cement-based grouts 

Penetration and filtration of grouts are complex processes influenced by many factors.  Grain-

size curve of the cement, grain concentration, grouting pressure, hydration and flocculation, 

mixing, geometry of constriction are some of them. 

The influence of many factors and simplicity in the representation of a fracture in the testing, 

make applicability of the measured results difficult. However, the laboratory measurements 

with the short slot showed that the method was able to capture the influence of different 

factors which indicates that there is a possibility that geometry used in the short slot depicts 

the filtration process in a correct way. 

The results measured by the long slot showed reasonable results and are probably closest to 

the reality compared to the short slot and a penetrability meter. The short slot may give 

somewhat conservative results while the penetrability meter could to a larger extent 

underestimate penetrability of the grouts.  

The long slot could not be used for daily measurements of the penetrability of the grouts for 

practical reasons, but the short slot could, even if it shows some conservative results. 

The grouting pressure is one important factor which could influence penetrability of the 

grouts. A higher pressure could erode partially built plugs along the edges of the fractures and 

hold the fractures open for a longer period of time which prolongs the penetration. W/c ration 
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is also an important factor which influences penetrability. A higher w/c ratio gives better 

penetrability of the grouts based on both coarse and fine cements.  

Grain size is an evident factor which affects penetrability. The grouts based on INJ30 showed 

the best penetrability with a ratio between fracture opening and maximum grain size of 2 

while the grouts based on finer cement had lower penetrability caused by a larger hydration 

and flocculation. 

Geometry of the constriction may also influence penetrability. The constriction in the same 

size as the largest particles in the grouts could have negative effect on the penetrability. 

Mixing of the grout is also a factor which could influence penetrability. The grouts based on 

very fine-grained cement showed somewhat better penetrability when mixed with a field 

mixer, while the grouts based on INJ30 showed somewhat better penetrability when mixed 

with a lab mixer. This should be investigated more with a higher focus on the mixing. 
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2 Suggestion for future work 

Bleeding of cement-based grouts 

The sealing of the eventual remaining apertures as result of bleeding after grouting by self-

healing of the fractures due to further hydration of the cement could be a phenomenon for 

studies in further research. 

The additives for reduction of the bleeding may also reduce the risk, but their effect is not 

investigated in this study. This could also be a question for further research. 

Filtration and penetrability of cement based-grouts 

In this project in part III during measuring the penetrability of the grouts, the grouts were 

mixed by a lab mixer and a field mixer. The grouts mixed by the field mixer and the lab mixer 

showed different penetrability. The mixing in this project was not in the focus of interest and 

this issue should be investigated more. 

More measurements with the long slot method are preferred to get reference values for a 

deeper discussion of suitability of measurements with the short slot and penetrability meter. 
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Appendix 1: Derivation of bleeding equation for estimation of bleeding 

by transmissivity measurement 

Bleeding equation (A.7) is derived from the “cubic-law“, which describes water flow between 

two parallel plates. Figure 147 shows the transmissivity measurements, flow-net, and 

definitions used in equations (A.1) to (A.7). 

 is the flow through one element in the flow-net defined as  

i iq vA  (A.1) 

where  is the area of the element and  is the flow velocity through the element. According 

to (Hässler, 1991) the flow velocity between two parallel plates could be expressed as 

2

12

w

h
b mv

l
 (A.2) 

In this equation  is the specific weight of the water,  is the viscosity of the water, and  is 

the distance between these two parallel plates. In this case the  presents the amount of 

bleeding. is pressure loss in this element. In this measuring  

1 2R Rh h h  (A.3) 

where  is the water height in the pipe R1 and  is the water height in the pipe R2, 

and  is the number of the elements in a channel and according Figure 147 is defined as 

75 2
7 2

L
m

l
 (A.4) 

where L is the distance between the water pipes(1.5 - 7.5 m) ,  is the length of the one 

element which is approximately the same as the width of the element [m]. 

w
l w

n
 (A.5) 

 is the width of the slot (100 mm), and  is the number of the channels in the slot (8 

according to definition in Figure 147). Summarizing all these flows for all channels gets the flow 

through the slot  

iq n q  (A.6) 

Putting equations (A.1) and (A.2) into equation (A.6) and solving for b obtains the equation for 

bleeding 

3
12

w

q m
b

n h
 (A.7) 

To calculate bleeding (b), according to equation (A.7), water flow (q) and water height (∆h) in a 

given time needs to be measured. 
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Figure 147: Illustration of the net of the water-flow and definitions used in equations (A.1) to (A.7).The 
water flows through the slot between the surface of the final-bled grout and the upper plate, 
which is also shown in Figure 51. 
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Appendix 2: Drawings of the long slot 

Figure 148, Figure 149 and Figure 150 show the long slot used in bleeding and penetrability 

measurements. Section 1, 2A, 3 and 4 are used for measurement of bleeding and section 1 and 

2B are used for measurement of penetrability. 

 

Figure 148: Overview of the section 1, 2A, 2B, 3 and 4 of the long a lot. 



Bleeding and filtration of cement–based grout 

 

186                                                                                                                                                             KTH 

 

Figure 149: Drawing of the long slot, section 1 used in the measuring of the bleeding and of the 
penetrability. 
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Figure 150: Drawing of the long slot, section 2B used in the measuring of the penetrability. 


