
 
 
 
 
 

  

 
INSTITUT FÜR KONSTRUKTIVEN INGENIEURBAU 

LEHRSTUHL FÜR TUNNELBAU, LEITUNGSBAU UND BAUBETRIEB 

PROF. DR.-ING. M. THEWES 

 

 

 

Doctoral Thesis 

 

 

RHEOLOGICAL CHARACTERISATION OF EARTH-PRESSURE-BALANCE (EPB) 

SUPPORT MEDIUM COMPOSED OF NON-COHESIVE SOILS AND FOAM 

 

submitted in fulfilment of the requirements for the degree of Doctor of Engineering 

(Dr.-Ing.) to the Department of Civil and Environmental Engineering of the Ruhr-

Universität Bochum 

 

 

BY 

DIPL.-ING. MARIO GALLI 

 

 

 





   

 

 

 

Doctoral Thesis 

 

RHEOLOGICAL CHARACTERISATION OF EARTH-PRESSURE-BALANCE (EPB) 

SUPPORT MEDIUM COMPOSED OF NON-COHESIVE SOILS AND FOAM 

 

submitted in fulfilment of the requirements for the degree of Doctor of Engineering 

(Dr.-Ing.) to the Department of Civil and Environmental Engineering of the Ruhr-

Universität Bochum 

 

BY 

DIPL.-ING. MARIO GALLI 

 

Reviewers: 

Prof. Dr.-Ing. Markus Thewes 

Institute for Tunnelling and Construction Management, Ruhr-Universität Bochum (Germany) 

Prof. Ing. Daniele Peila 

Department of Environment, Land and Infrastructure Engineering, Politecnico di Torino (Italy) 

Prof. Dr.-Ing. habil. Holger Steeb 

Institute of Applied Mechanics, Chair of Continuum Mechanics, Universität Stuttgart (Germany) 

 

Date of submission:  18 January 2016 

Date of oral examination: 20 June 2016 





  I 

 

PREFACE 

The present study was developed and executed in my time as research assistant at 

the Institute for Tunnelling and Construction Management (“TLB”) of the Ruhr-

Universität Bochum between 2010 and 2016 under guidance of Prof. Dr.-Ing. Markus 

Thewes. 

Prof. Dr.-Ing. Markus Thewes supported me incessantly over the last years. He gave 

me the feeling of trustworthiness at all times and he had confidence in me and my 

skills even in times of trouble. I will not be able to make up for this act of faith except 

by carrying the spirit of “TLB” into the world. Thank you for the very instructive times 

and the many unique opportunities regarding my personal as well as my professional 

development. 

Additionally, I explicitly recognise Prof. Ing. Daniele Peila and Prof. Dr.-Ing. Holger 

Steeb for their deep interest in my work, the countless fruitful and informative 

discussions, and their active participation in my examination. 

Furthermore, I have to thank my colleagues at the Institute for Tunnelling and 

Construction Management for outstanding five and a half years. We have been family 

for one another. Open arms, a cheerful and still productive working environment, 

internationality, being there for each other, sharing good times and bad, room for 

constructive discussions, and the insatiability for anything eatable were significant 

imprints of our community. Keep on this exceptional attitude as you move through 

life. 

The same applies for the comrades of the Collaborative Research Center 837 and in 

particular for my subproject partner, Aycan Özarmut. Bundling so many different 

cultural and scientific backgrounds was a great challenge but we established our own 

little scientific community. In this destined formation, we probably will never come 

together again. However, I wish you all the best for your various careers. 



II   

 

Experimental work is a big challenge; it can probably never be mastered without a 

helping hand. The team of the Structural Testing Laboratory of the Ruhr-Universität 

Bochum was always there, when assistance was needed. Thereof, Yvonne Ueberholz 

and Dieter Abraham have to be pointed out. All your patience with me and your 

continuous support is particularly appreciated. 

Additionally, the work of numerous students and the support of the student 

assistants has to be recognised here, too. Especially, I would like to bow to my “EPB 

crew” consisting of Christopher, Sascha, Karin, Gerrit and Timon. We formed a great 

team and became dear friends over the years. I would not have come so far without 

you. 

A big thank you goes also to Ingenieurbüro Dipl.-Ing. H. Vössing and the ARGE 

BOL/BÜ Albaufstieg, who enabled me live experience and active participation in mega 

tunnelling whilst having all the freedoms to finish this thesis. 

Besides the professional environment, there is a private life. Without the continuous 

encouraging and empathic backing from my girlfriend, Katharina, and my beloved 

family and friends, I could not have brought up the power of endurance, which is 

necessary to conquer the doctoral quest. This work is dedicated to you. I owe you – 

especially time! 

 

Ruhr-Universität Bochum, January 2016 Mario Galli 

 

 

 

 



  III 

 

ACKNOWLEDGEMENTS 

This research work would not have been possible without the support of numerous 

sponsors: 

The German Research Foundation DFG (Deutsche Forschungsgemeinschaft) 

facilitated the conduction of this research financially through subproject A4 “Model 

Development for the Conditioned Soil used as Face Support Muck of Earth-Pressure-

Balance-Shields” as part of the Collaborative Research Center 837 “Interaction 

modeling in mechanized tunneling” at the Ruhr-Universität Bochum. 

The Ruhr-Universität Research School supported me continuously by several 

advanced scientific trainings, personal advice and financial support. A big thank you 

goes to Dr. Christiane Wüllner and Dr. Ursula Justus and the whole team. 

Condat Lubrifiants generously supplied us with their foaming products, which were 

used as conditioning agents in this study. 

The Herrenknecht AG, specifically the R&D Department under guidance of Thomas 

Edelmann, always was and continuously is an active think-tank in mechanised 

tunnelling and thusly a research partner with outstanding competence I could benefit 

from. 

All these supports are gratefully acknowledged. 

 

 





  V 

 

ABSTRACT 

The flow behaviour of soil-foam mixtures, used as support medium in closed mode 

tunnelling with EPB shields, is an essential factor for the operation of the TBM. On 

the one hand, a rather soft consistency is required providing a homogeneous face 

support pressure transfer to the tunnel face. High accuracy in face support regulation 

is crucial for settlement control, especially in sensitive environments, such as urban 

areas. On the other hand, a rather stiff consistency is preferable concerning 

transportation and disposal of the excavated ground in order to avoid additional 

treatments for landfilling, tipping or sewage management. Outside the classical 

application range for EPB shields, which is formed by clayey and silty soils, the 

addition of conditioning agents is necessary to generate appropriate consistencies, 

particularly in cohesionless soils below the groundwater table. In such ground 

conditions, foam is injected to the excavated ground to generate a face-supporting 

muck and to control water inflows at the tunnel face. 

So far, the flow behaviour of soil-foam mixtures has been investigated by index tests. 

Most notably, the slump test, known from concrete technology, is widely applied on 

soil-foam mixtures. However, flow is actually a non-static phenomenon and cannot 

be expressed by a single parameter, which is derived from an equilibrium-state 

condition at rest. Therefore, this thesis focuses on the rheology of soil-foam mixtures 

aiming at an extended understanding of the flow behaviour and of the influences the 

individual components have on it. An experimental programme was elaborated, 

which dealt with two main scopes: a discussion on the slump test and its value as 

index test for the flow behaviour of soil-foam mixtures and secondly, the application 

of rheometer tests to soil-foam mixtures. The method in sample preparation, test 

conduction and temporal restraints were strictly defined for all tests, ensuring 

reproducibility and comparability. The initial water content was derived from foam 

penetration tests depending on the residual (foam-)water content that occurs during 

excavation. 
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A large number of slump tests was executed providing information on the slump and 

spread of the mixture samples when altering the different shares of the sample 

composition (soil, water, foam). These were evaluated with analytical approaches 

enabling a derivation of rheological properties from slump tests. The application of 

the analytical models is dependent on the geometry of the slumped sample. For an 

application to soil-foam mixtures, the models had to be partially adjusted. The value 

of the slump test and the applicability of the models to soil-foam mixtures were 

discussed based on the results. 

Rheological tests on various scales were performed with a variety of soil-water-foam 

mixtures in order to determine flow curves and thus to characterise their flow 

pattern. Rheometers were equipped with cylinder and ball measuring systems. The 

findings have been compared with flow curve data from literature determined in 

micro-scale investigations on particle-foam mixtures. Due to their grain-size, real soil-

foam mixtures cannot be investigated in such precise rheological setups. From this 

multi-scale analysis, it can clearly be shown that the flow behaviour of soil-foam 

mixtures is very dependent on the particular shearing condition. Each scale provides 

its own informative value on rheology. On the micro-scale, flow curves of particle-

foams could be well described by the Papanastasiou-Herschel-Bulkley model, 

whereas in macro-scale experiments using a ball measuring system, the results were 

dominated by yield-stresses, slip effects and the destructive behaviour of foams. 

Nonetheless, the material possesses a particular behaviour and differences in results 

from different mixture compositions could be detected. Finally, the findings from 

slump and ball rheometer tests have been compared to establish a comparable basis 

between both approaches. Thus, it becomes possible to relate the results of both 

experiments to each other. 

This thesis provides information on the interaction between soil, water and foam 

during the excavation process in EPB tunnelling. Therefrom, optimisation strategies 

can be derived in order to design the soil conditioning process with foam more 

effectively. Moreover, suggestions are presented for an implementation of the ball 

measuring equipment in the excavation chamber of an EPB-TBM for live analysis of 

the flow behaviour and the conditioning process. 
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1. INTRODUCTION 

1.1 Motivation 

Increasing population and economical centralisation in industrialised countries make 

modern cities become high-density areas, which demands for an optimum in 

infrastructure. Such a vast agglomeration of people and goods necessitates a 

transport system not just for passenger and freight conveyance but also of their by-

products, which is especially waste and sewage. However, space is limited, which is 

why today’s transport infrastructure is preferably brought subsurface. Tunnels are 

the most common subsurface infrastructure system offering high flexibility in design 

and usability. They are used for railway or metro, roads, wastewater, communication, 

gas and oil.  

Due to the unique boundary conditions, subsurface constructions in city areas 

represent one of the most challenging engineering disciplines. Narrow space, 

maintenance of traffic flow and the limitation of damnification (e.g. noise, pollution) 

are just some constraints increasing the project complexity. Of highest priority is the 

safety of aboveground edifices and humans. Depending on the ground, tunnelling 

under such restrictions is conducted using full-face excavation machines, so called 

tunnel boring machines. Regarding surface settlements, the stabilisation of the tunnel 

face and the tunnel lining are thereby two key factors of the advance influencing 

ground and surface settlements. Furthermore, these factors distinguish the 

classification of tunnel boring machines. 

The most frequently applied tunnel boring machine in soft soil is the EPB type shield 

machine. It uses the excavated ground to support the tunnel face and thus to reduce 

the risk of ground movements and surface settlements. The properties of the 

supporting medium, which is the excavated ground plus possible additives, are of 

decisive influence for the advance process and face stability. Since the excavation 

chamber of those machines is pressurised, a direct evaluation of the essential 
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characteristics of the support material is not possible while advancing. This is why an 

interpretation of machine data and testing of the constructing ground is so important 

to gain information for an effective supporting process. The flow behaviour of the 

support medium and the permeability ahead of the machine plays thereby an 

important role. 

1.2 Problem statement 

The processes going on before, at and behind the face during tunnelling in closed 

mode are a black box. Not only that geotechnical and hydro-mechanical properties of 

the construction ground are often not sufficiently described, but the adequacy as 

support medium of the tunnel face is a priori unrateable. In fact, the machine and 

ground interaction is the determinant for the whole tunnelling process and 

particularly for face stability. 

In EPB tunnelling, the support medium needs to exhibit specific properties in order to 

assure face stability. The main factors according to literature and tunnelling practice 

are the flow behaviour (or consistency) of the support material, its hydraulic 

conductivity and its compressibility. The interplay with the ground ahead of the 

machine has also to be regarded. If the support medium in its original condition 

cannot comply with the demands for effective face support, it needs to be treated 

with additives to fulfil at least temporarily the requirements. This improvement 

procedure is called soil conditioning. 

Up to now, various researchers in the past 30 years worked on the topic of face 

support in EPB tunnelling, especially on the application in coarse grounds, which is 

linked to the matter of soil conditioning. It has become recent practice to use mainly 

foams as a treater of soil. The addition of foam to soil reduces surface tensions of the 

grains and thusly decreases inner friction (shear strength) and clogging potential 

(cohesive soils). Furthermore, the foam – regarded as fluid – awards the soil a flowing 

behaviour, when a certain amount is injected that suspends the grain-to-grain 

contacts. Consisting of air, the soil is then converted into a compressible, granular 

flowing medium. This character can be considered as a complex material behaviour. 

So far, research was not able to suggest holistic approaches for the qualitative and 

quantitative description of this material behaviour, but a lot of effort has been put 
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into testing in order to make an evaluation of the several material properties 

possible. Works have been conducted on the hydraulic conductivity, the shear 

strength, the abrasiveness under the consideration of soil conditioning, the 

compression behaviour and in particular the workability and flow behaviour. 

Approaches have been made in laboratory studies and numerically. Most of these 

properties can only be evaluated indirectly by index tests, since no criteria has been 

defined, yet, or else no standard tests exist. Moreover, the simulation of real 

boundary conditions is difficult; this includes natural stress-strain and ambient 

pressure conditions at the tunnel face, the influence of the machine and the realistic 

conditioning behaviour, which requests for approaches in constitutive modelling. 

1.3 Approach 

In this study, the processes at the tunnel face in cohesionless soils under the 

groundwater table shall be analysed in detail. The focus here is on the flow behaviour 

of the support material in the excavation chamber during tunnelling with EPB shields. 

Therefore, a literature review is conducted in order to sort and filter the state-of-the-

art in EPB research and tunnelling techniques. After that, the current practice in 

testing and considering soil conditioning with respect to face stability is summarised 

and evaluated. Based on the basic principles in rheology, flow models, test methods 

and approaches on granular fluid rheology are presented from various disciplines to 

demonstrate the complexity in assessing the flow behaviour of such materials 

experimentally. This review leads to a definition of the own research scope. Aspects 

like the initial / residual water content and procedural influences of testing (e.g. 

reproducibility, time-dependency) are narrowed by a sharp description of the 

experimental approach. The flow behaviour of soil-foam mixtures is then assessed 

from two sides. Firstly, the slump test, which is commonly used for an evaluation of 

the workability of soil-foam mixtures, is analysed regarding its value and possible 

additional information it may possess. Thereafter, the scientific focus is detoured 

from index testing to fundamental rheology. Two test methods (concentric cylinder 

rheometry and sphere flow rheology) will be adopted for conditioned soils in order to 

find a suitable flow description for realistic soil-water-foam proportions, which 

incorporates basic ground and conditioning parameters. The significance of noth 

assessments, index tests and rheometry, shall provide new information for the 

tunnelling practice. 
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In addition to the rheological investigations, the development of pore water during 

excavation is dealt with in an excursus chapter. Therein, the residual water content of 

the excavated ground is assessed by foam penetration tests. A detailed analysis of 

these tests discusses the expulsion rate of water from the soil skeleton as well as the 

residual amount of void water within the foam-penetrated zone. Thus, a bandwidth 

of soil-specific water contents entering the excavation chamber can be determined in 

dependence of operational parameters (e.g. advance speed, face pressure). 

All findings shall lead to new perspectives on the ground-machine interaction under 

consideration of the soil conditioning process enabling potentials for improved EPB 

tunnelling. 
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2. SOIL CONDITIONING IN EPB 

TUNNELLING 

According to the “Recommendations for selecting and evaluating tunnel boring 

machines” of the German Tunnelling Committee (DAUB e.V.) full face excavation 

machines in tunnelling can be differentiated into (shielded) tunnel boring machines 

(TBM, TBM-S), which are applied in rock conditions, and shield machines (SM) that 

are mainly used in soft ground, see DAUB & ITA-AITES (2010). Thereof, shield 

machines with fluid support (hydro-shield, SM-V4) and with earth pressure balance 

support (EPB shield, SM-V5) of the face represent the most frequently applied types 

of soft ground tunnelling machines. The differentiation is visualised in Figure 2-1. 

 

Figure 2-1: Simplified differentiation of tunnelling machines related to their prevalent 

ground of application according to DAUB & ITA-AITES (2010) 

Hydro shields are mostly applied in sandy and gravely grounds. Face support is 

normally achieved using bentonite slurry as support medium. EPB machines, on the 

other side, operate usually in cohesive soils. The excavated ground itself serves as 

support medium. Due to cost-intensive and time-consuming recycling processes in 

Tunnelling 
machines

Rock

Gripper-TBMTBM with shield
Double shield

TBM

Soil

Shield
machines

EPB-SMHydro-SM
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order to separate and reuse the support medium in hydro shield tunnelling, the 

application of EPB shield is steadily extended into coarse-grained soils. However, the 

support medium has to comply with the demands regarding workability, permeability 

and compressibility so that an extension of the application range into less cohesive 

soils is linked to several boundary conditions. 

This study focuses on EPB tunnelling and its extended application range. Design, 

functioning and application demands of EPB shields are presented subsequently. 

2.1 Design and operation of EPB shields 

EPB machines consist of a cutting wheel (1), which the cutting tools are assembled 

on, an excavation chamber (2), where the ground falls into after excavation and the 

face support pressure is generated, a screw conveyor (5) for spoil extraction from the 

excavation chamber and pressure control, thrust jacks (4) pushing the machine head 

forward and thusly penetrating the cutting tools into the ground, and an erector (6), 

which is used for positioning the segmental lining (7). The excavation chamber, which 

usually is under pressure due to face stabilisation, is separated from the atmospheric 

part behind the machine by the bulkhead (3). The machine is coated by a shield 

awarding the machine its name. An assembly of a typical EPB shield design is shown 

in Figure 2-2. 

Depending on the tunnelling and ground situations, it might be necessary to stabilise 

the face area in front of the machine. The excavated ground itself is used as support 

medium to counter the impulse of ground movement into the tunnel, if the inherent 

stability of the ground is too low. From the operational view of the machine, three 

scenarios of face handling are defined: closed mode, open mode and semi-closed 

mode. 

When the tunnel face is stable enough and does not demand for any face support, 

the machine is run in open mode. This is the case in highly cohesive and poorly 

permeable grounds with solid consistency (IC > 1) (MAIDL ET AL. (2012)) or in stable 

(sedimentary) rock conditions. Open mode operation means that the excavation 

chamber is empty during advance. In fact, the excavated ground falls through the 

cutting wheel openings into the chamber, but the screw conveyor removes it from 

there immediately. The filling level is negligibly small. 
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Figure 2-2: Longitudinal cut through an EPB shield (1 cutting wheel, 2 excavation 

chamber, 3 bulkhead, 4 thrust jacks, 5 screw conveyor, 6 segment erector, 7 

segmental concrete lining) (HERRENKNECHT AG (2014)) 

On the contrary, when the tunnel face (urgently) needs to be stabilised to prevent 

ground movements and surface settlements or in case of possible gas occurrence, 

full-face support is applied; so called closed mode. This mode represents the actual 

earth pressure balance (EPB) mode, because a counter pressure is generated as an 

equilibrium for the active earth and water pressures on the face. The excavated 

ground again falls into the excavation chamber but initially remains there until the 

filling level of the chamber reaches the crown. In dependence of the ground 

properties, further ground treatments might be necessary for sufficient face support 

(see chapter 2.3). The semi-closed mode is a mixture of both pre-described operation 

modes. Here, the excavation is just partially filled with excavated material. This mode 

often is applied in mixed face conditions or in conditions of a weak layered face, 

where in the lower part of the tunnel face the acting pressures will be too high in 

order to maintain face stability. 

Besides the advance modes that are linked to the ground conditions, there are two 

further essential operations of the machine, which are related to the tunnelling 

situations. In case of maintenance (repair works and inspections), the excavation 

chamber needs to be accessible. Therefore, the level of supporting muck is reduced 

to a minimum and replaced by compressed air. Through air locks, interventions are 

possible for trained personnel. In times of longer periods of stoppage – especially in 

coarse soils –, it might be required to stabilise the face with (high-density) slurry. In 

1 

4 3 
2 

5 

6 

7 
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these situations, the decomposition or degeneration of the support medium, in 

particular when treated with foam, could lead to inhomogeneity and thusly to local 

insufficient face support. A slurry then replaces the supporting muck. 

In this study, the focus is on closed mode operations as it represents the most 

frequently applied operation mode of EPB machines. Furthermore, it will be 

concentrated on cohesionless soils; here usually full-face support is mandatory. The 

pressure regulation and the essential requirements for the support medium are 

presented consecutively. 

2.2 Face support in closed mode 

As mentioned before, face support in closed mode is realised by using the excavated 

soil to build up a pressure in the excavation chamber countering earth and water 

pressures acting on the tunnel face (Figure 2-3). The quantum of pressure is 

regulated via the advance speed (cutting speed), injection of foam (MAIDL (1997)) and 

the spoil extraction rate of the screw conveyor. 

Depending on the ground conditions, in which the advance takes place, the support 

pressure needs to exhibit specific properties for effective face support (control). 

These requirements have been summarised by GALLI & THEWES (2014) to the following: 

 

 

Figure 2-3: Schematic of the EPB principle – equilibrium of acting and supporting forces 

 

ground level 

water level 

water pressure earth pressure support pressure 
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 Suitable flow behaviour 

A sufficient flow behaviour of the support medium is relevant to ensure an 

appropriate material flow in the excavation chamber and in the screw conveyor. 

So far, recommendations for physical (rheological) flow parameters do not exist; 

rather values from index testing are used for the evaluation of the material flow. 

The measure of flow is distinguished regarding the fines content of the support 

medium. For cohesive soils, the flow is described by the consistency, whereas in 

non-cohesive, coarse soils the measure is the workability as used in concrete 

engineering. According to MAIDL (1995), cohesive soils with a consistency index IC 

between 0.40 and 0.75 are considered suitable as support medium and do not 

need any further treatment regarding material flow. In non-cohesive soils, the 

workability is expressed through the slump test according to DIN EN 12350-2 

(2009-08) as an index value for the flow behaviour. Numerous authors describe 

slumps between 10 and 20 cm as a suitable range for the workability of the 

support medium, cf. BUDACH & THEWES (2013), VINAI ET AL. (2008). At the same time, 

the support material should show sufficient stiffness for muck conveyance and 

landfill or disposal. 

 Homogeneous pressure transfer 

For effective face support, a uniform pressure transfer to the face is required. 

Therefore, homogeneous material properties and a minimum rate of 

compressibility are necessary. At the same time, volume and support pressure 

fluctuations can thusly be reduced as well as the pressure can be diminished over 

the extraction length of the screw conveyor towards atmospheric pressure 

conditions (THEWES & BUDACH (2010b)). The compressibility is determined 

according to BUDACH (2012), BUDACH & THEWES (2013) depending on the dimensions 

of the tunnelling machine. 

 Low hydraulic conductivity 

Another factor is the permeability of the support medium. To prevent 

uncontrolled inflow of groundwater into the excavation chamber and in order to 

minimise destabilising forces from seepage flow at the face (cf. ANAGNOSTOU & 

KOVÁRI (1996), ZIZKA ET AL. (2013)), the hydraulic conductivity should be limited. 

According to ABE ET AL. (1979), the hydraulic conductivity kf should be less than   
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10-5 m/s. In gravelly soils (application area 3, see chapter 2.3.1), i.e. in coarse soils, 

even a boundary value of 10-4 m/s would still be suitable (MAIDL ET AL. (2012)). 

 Reduced inner friction 

The reduction of the inner friction (friction angle) of the support medium leads to 

reduced torques and power demands for the cutting wheel and the screw 

conveyor. Furthermore, the friction at solid interfaces is decreased as well 

reducing material wear to the cutting tools and other machine components, cf. 

THEWES & BUDACH (2010a). 

 Low clogging potential 

Clogging is a major reason for standstills in tunnelling. Particularly in fine soils, the 

tendency to clogging is significant. The clogging potential depends on the 

plasticity, the consistency and the clay mineralogy, see FEINENDEGEN ET AL. (2011), 

HOLLMANN & THEWES (2013). Especially clayey, even overconsolidated are very 

prone to clogging. The plasticity and consistency are dependent of the Atterberg 

limits and thus it is possible to influence the clogging potential (and the flow 

behaviour) by adjusting the water content. 

 Sufficient stability 

Primarily during longer stoppages, the support medium must consist of sufficient 

sedimentation stability and a slow degeneration behaviour, see LANGMAACK (2004). 

This is particularly important when foam is used as conditioning agent, because it 

exhibits only temporary and highly changeable stability, see BABENDERERDE ET AL. 

(2005). This is due to the drainage processes of the liquid phase. Steadily 

reoccurring changes in the balance of the internal structure benefits 

decomposition. When the foam decomposes, the result can be separation of the 

supporting material into its different phases. This can lead to an uneven support 

pressure transfer (see above) or, if an air bubble forms in the crown, it can even 

danger the blowout safety (LANGMAACK (2004)). 

These characteristics are usually derived partly from empirical values from practical 

experience and partly from laboratory testing.  
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2.3 Application ranges of EPB shields 

In the presented operational descriptions of EPB tunnelling, it was occasionally 

mentioned that specific properties or behaviours are related to the ground of 

application. Consecutively, the application ranges of EPB shields shall be treated in 

more detail. 

2.3.1 Classical application range 

According to MAIDL ET AL. (2012), the classical application range is in soils with a fines 

content (d ≤ 0.063 mm) of at least 30 wt%. In these conditions, only water and an 

anti-clogging agent may have to be added to fulfil the forenamed requirements for 

the support medium. Figure 2-4 shows the typical areas of application for EPB 

machines depending on grain size, conditioning agent and water pressure, which are 

based on both laboratory works and tunnelling experience. The limit of the classic 

application range is shown by line 1. 

2.3.2 Extended application ranges 

The sections outside the area bordered by line 1 are defined as extended ranges of 

application for EPB machines. These granulometric areas in large parts are congruent 

with the main application range for hydro shields. By the use of foams, polymers and 

 

Figure 2-4: Application ranges for EPB shields according to MAIDL ET AL. (2012). Area 1 

with IC = 0.40 - 0.75, Area 2 with kf < 10-5 m/s and water pressure < 2 bar, 

Area 3 with kf < 10-4 m/s and without water pressure 
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(high-density) slurries, EPB advances even in highly permeable soils are efficiently 

feasible. The treatment of the ground is called “soil conditioning”. In coarse soils, it 

often is necessary to temporarily improve the properties of the support medium and 

thusly fulfil the requirements. 

BUDACH & THEWES (2013) aimed at affirming the recommendations of application by 

laboratory testing. Therefore, they conducted series of tests on various soils with a 

main concentration on the extended area resulting in modified recommendations for 

the application of EPB shields in coarse-grained soils (Figure 2-5; here shown in 

comparison to the application ranges from Figure 2-4 according to MAIDL ET AL. 

(2012)). The diagram shows that tunnelling with EPB machines can be extended into 

fine-gravelly sands by the use of foam as conditioning agent only. Basic prerequisite 

therefore is a fines content of about 5 wt% and a limitation of the water pressure to 3 

bar. An even reduced fine fraction requests the addition of further additives. 

It is significant to bear in mind, that a derivation of any soil conditioning measures 

from these recommendations alone is however still not possible, see THEWES ET AL. 

(2010). The recommendations should work as a first estimator of possible additional 

 

Figure 2-5: Application ranges for EPB shields in coarse soils in dependence of the 

conditioning agents according to BUDACH & THEWES (2013) supplemented by 

application ranges according to MAIDL ET AL. (2012) 
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treatments of the ground to be projected. Advanced information on the conditioning 

behaviour or on the properties of conditioning agents and conditioned soils can 

however be found through laboratory testing. 

2.4 Concepts and lab tests for soil conditioning 

The recommendations in form of application ranges give a good indication of the 

necessary treatments to be expected. Actual conditioning parameters for the 

conditioning process can be determined in laboratory tests. Based on the 

requirements for the support medium introduced before, lab tests have been defined 

by various researchers in order to make an evaluation of the conditioning behaviour 

and the quality of soil conditioning possible. Before the most significant test methods 

and results from research on soil conditioning are presented, the important basic 

parameters and facts on soil conditioning are introduced. 

2.4.1 Soil conditioning for EPB tunnelling 

The term “soil conditioning” describes the treatment of a soil with additives 

influencing (or changing) its basic properties. Therefore, a number of conditioners is 

available in practice, which have been proven suitable for the intended application. 

The easiest way to influence the soil behaviour is simply to add water. Especially in 

fine soils, the change in water balance can have significant effects regarding the 

consistency. 

For the extension of the classic application range into coarse soils, foams, polymers 

and (high-density) slurries are fed into the excavation cycle. The most frequently 

applied conditioning agent thereof is foam. Foam is an emulsion of water and air. The 

immiscibility of these fluids is neutralised by a surfactant (surface-active agent), 

which reduces the surface energy and thus the interfacial tension between the two 

components, see STACHE (1979). Surfactants are hydrocarbon-based molecular chains 

with one hydrophilic and one hydrophobic end. Hence, the water molecules will bond 

to the hydrophilic part and the air to the hydrophobic end. In aqueous phases, 

surfactants form spherical, cylindrical or laminar aggregates (micelles), where the 

hydrophobic ends frame the core. This explains the bubbly structure of foams, when 

gas phase and liquid phase are mixed together. In order to define the foam 
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composition, in tunnelling two descriptive parameters have been defined in the 

EFNARC GUIDELINES 2001 (2003): the concentration of the foaming liquid cf and the 

foam expansion ratio FER. The concentration of the foaming liquid describes the 

amount of surfactant in the solution of surfactant and water. The definition is shown 

in Eq. 2.1. 

cf =
Qf

Qf+Qw
∙ 100 =

Qf

QL
∙ 100 [vol%] Eq. 2.1 

with Qf volume flow of surfactant [l/min], Qw volume flow of water [l/min], QL volume 

flow of liquid [l/min]. 

The foam expansion ratio (FER) describes the ratio of the total foam volume QF 

[l/min] and liquid phase volume of the foam QL [l/min] (Eq. 2.2); in turn this means, 

the FER is an indicator for the wetness (or dryness) of a foam. The determining factor 

in this description is the volume of air QA [l/min]. 

FER =
QF

QL
=

QL+QA

QL
 [-] Eq. 2.2 

With regard to the conditioning process, one further parameter has to be defined. It 

is the foam injection ratio FIR, which describes the volume of foam in relation to the 

volume of soil being excavated QS [l/min] (Eq. 2.3), see EFNARC GUIDELINES 2001 

(2003). 

FIR =
QF

QS
∙ 100 =

QF

vAdv∙Aexc
∙ 100 [vol%] Eq. 2.3 

with vAdv advance speed [m/min], Aexc face area [m2]. 

The less the fines content of the construction ground, the more important other 

conditioning agents become (MAIDL (1995)). Besides foam, there are two more 

materials usually applied in EPB tunnelling. One of them is polymers. Polymers are 

macromolecular chain-configurations, which can be formed in countless variants, see 

NEUMÜLLER (1987). The length and composition of the molecular chain influence very 

much the polymer’s properties. The field of application for polymers is therefore 

almost indefinable, but amongst others, they are applied in EPB tunnelling. There, 

hydrocarbon-based polymers are usually used to influence the rheological properties 

of the support muck and as water absorber, see BABENDERERDE (1998), MAIDL (1995). 
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The polymers are concentrated either as additive into the foaming liquid or 

separately as polymer suspension with its own injection system. The addition of 

polymers shall help in handling pore water pressures. This is the fact at the tunnel 

face, when the polymers penetrate into the ground. The water absorbency provides 

gelling of the penetrated zone and the matrix composed of soil grains and a polymer-

water gel reduces the permeability immensely, see MAIDL (1995). This sealing effect is 

particularly interesting in very permeable grounds. Moreover, polymers can also be 

applied in the screw conveyor, in order to assist the support medium in reducing pore 

water pressures. 

If the ground is too permeable to treat it with polymers, e.g. in sandy gravel, soil 

conditioning with slurry might be mandatory. Since the excavation chamber design of 

EPB shields mostly is different from hydro shield machines, a switch of the 

construction method to hydro shield tunnelling is not feasible at short notice and 

without tremendous measures of reconstruction. The addition of slurry to the ground 

and the usage of the soil-slurry mixture still can fulfil the demands on the support 

medium. Projects in the past reported this successfully, cf. BOONE ET AL. (2005), 

KÖNEMANN & TAUCH (2012), MAIDL & PIERRI (2014). Important issue to control in these 

very coarse soils is the permeability. It exists a real danger of uncontrolled water 

inflow and of blowouts. The properties of the slurry have to be determined in 

dependence of the ground properties. Above all, this is the density, the 

destructuration behaviour and the face sealing behaviour (membrane or penetration 

zone). These characteristic properties are connected to two operational parameters: 

the concentration of the slurry, csusp, and the slurry injection ratio, SIR. They are 

defined according to BUDACH (2012) as follows (Eq. 2.4 and Eq. 2.5): 

csusp =
Qfines

Qfines+Qw
∙ 100 =

Qfines

Qsusp
∙ 100 [vol%] Eq. 2.4 

with Qfines volume flow of fines [l/min], Qw volume flow of water [l/min], Qsusp volume 

flow of slurry [l/min]. 

SIR =
Qsusp

QS
∙ 100 =

Qsusp

vAdv∙Aexc
∙ 100 [vol%] Eq. 2.5 

with Qsusp volume flow of slurry [l/min or m³/min]. 
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Based on the soil compositions that will be investigated in this study (see chapter 

4.3.1), in the following only foam conditioning is considered without addition of any 

further ground treaters. 

2.4.2 Experience from lab testing and recommendations 

Subsequently, test methods and experiences from lab works in the field of soil 

conditioning are presented. The test methods can be applied to the 

recommendations given above. Because no standardised tests exist in the context of 

soil conditioning, any of the experiments can be used as an index test. Regarding 

reproducibility and comparison of test results between projects and research 

institutions, some of the tests will be pointed at as recommended standard. The tests 

will be introduced first on the level of application ranges and second, distributed 

according to the requirements for the support medium. 

1. Classical application area 

The classical application area of EPB shields is predominantly determined by cohesive 

soils. Water is used as conditioning agent for the alternation of the water content and 

maybe foam to reduce stickiness. The two essential properties connected to the 

application range are the consistency and the clogging behaviour. The latter one is 

evaluated in dependence of the consistency. 

The consistency of a cohesive soil or a support material predominantly consisting of 

cohesive soil is described by the consistency index IC through the water content w 

and the Atterberg limits (Eq. 2.6). Generally, consistency is denoted as the degree of 

the firmness of a soil and can be divided into the states “liquid”, “very soft”, “soft”, 

“stiff”, “very stiff” or “hard”. 

IC =
wL−w

wL−wP
=

wL−w

IP
 [-] Eq. 2.6 

with wL liquid limit [wt%], w water content [wt%], wP plastic limit [wt%], IP plasticity 

index [wt%]. 

The Atterberg limits, which is the liquid limit and the plastic limit that are used here, 

are determined with the Liquid Limit Device (Casagrande Cup) and the Plastic Limit 

Test in accordance to ASTM D4318 (2000-06), DIN 18122-1 (1976-04) or DIN 18122-1 
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(1976-04). The plasticity and consistency indexes are then calculated from it using Eq. 

2.6. 

Bearing in mind that MAIDL ET AL. (2012) recommends a suitable consistency for the 

supporting material in the excavation chamber of 0.4 < IC < 0.75, the water content 

can accordingly modified by the addition of further water (water conditioning). 

Furthermore, the clogging behaviour can be determined from the same information 

as above. Taking into account the natural water content, the Atterberg limits and the 

plasticity index, and thusly the consistency, the risk of clogging can be evaluated with 

the help of the clogging diagram of HOLLMANN & THEWES (2013), see Figure 2-6. 

The difference of the plastic limit wP and the natural water content wn is plotted on 

the X-axis, whereas the difference of the liquid limit wL and the natural water content 

is plotted to the Y-axis. Moreover, the water content in steps of 5 wt%, the plasticity 

and the consistency are inserted in the diagram, too. Hence, it is possible to enter the 

diagram having determined the natural water content and the Atterberg limits in 

advance. Strong clogging will occur in soft to stiff consistencies; these areas should be 

avoided. Again it can be seen, that by adding water, the consistency can be changed 

and at the same time the clogging behaviour. This has to be taken into account 

seriously when changing the water content deliberately. 

Furthermore, the plot in Figure 2-6 highlights also the recommended consistency 

range of MAIDL ET AL. (2012). Obviously, the range complies with the highest risk for 

clogging. This explains, why foam should be added to these grounds, when used as 

support medium, although the consistency apparently exhibits suitable values; the 

foam reduces the interfacial tension between the clay minerals and the machine steel 

structure. Further details on this topic can be found in HOLLMANN (2015), HOLLMANN & 

THEWES (2013). 

Additionally, the clogging behaviour of clays in EPB tunnelling has been assessed 

experimentally. FEINENDEGEN ET AL. (2010) developed a “cone pull-out test” apparatus, 

from which the clogging behaviour can be evaluated via the adherence of sticky 

material. A metal cone is penetrated into the test sample and pulled out. The 

adhering material on the metal surface is weighted and the ratio of adhering weight 

and surface area is defined as “adherence”. Furthermore, ZUMSTEG & PUZRIN (2012) 
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conducted mixing tests under certain boundary conditions and measured the amount 

of adhering material to the mixer. Moreover, they developed an enhanced apparatus 

for equivalent measurements deriving the adhesion from the resistant torque. 

Therefore, constant shear load conditions are considered. Besides information on the 

clogging behaviour, the shearing behaviour is analysed, too. The addition of 

conditioning agents, such as foam or polymers, can significantly reduce both the 

clogging potential and the shear resistance, see ZUMSTEG ET AL. (2013), ZUMSTEG & 

PUZRIN (2012). Comparative tests using a modified shear vane apparatus by 

MESSERKLINGER ET AL. (2011) – see also chapter 3.2.3 – support these findings. 

Nevertheless, all these experimental approaches can function only as index tests. 

 

Figure 2-6: Diagram of HOLLMANN & THEWES (2013) for the evaluation of the clogging 

potential; dependent of the plasticity (IP), the Atterberg limits (wL and wP) 

and the natural water content (wn) 

2. Extended application area 

(Project-related) Studies showed that lab tests are a helpful tool for the planning of 

EPB tunnelling and soil conditioning, cf. BORIO ET AL. (2009), EFNARC GUIDELINES 2001 

(2003), MAIDL & PIERRI (2014), THEWES ET AL. (2010). So far, some approaches exist for 

the investigation of the foam quality and of the conditioning behaviour of soils (e.g. 

EFNARC GUIDELINES 2001 (2003)), but not any standards for testing related to soil 

conditioning. State-of-the-art research on the topic is and was conducted for example 



 2. Soil conditioning in EPB tunnelling 19 

 

in Bochum (Germany) by BUDACH (2012), MAIDL (1995), in Lyon (France) by QUEBAUD ET 

AL. (1998), in Oxford and Cambridge (Great Britain) by BORGHI (2006), PEÑA DUARTE 

(2007), in Delft (Netherlands) by BEZUIJEN & SCHAMINÉE (2001), in Turin (Italy) by BORIO 

(2010), PEILA ET AL. (2013a), VINAI (2006), and in Aachen (Germany) by VENNEKÖTTER 

(2012). Additionally, applied science is reported by the tunnelling practice and 

suppliers of conditioning agents. Examples can be found in BABENDERERDE ET AL. (2011), 

LANGMAACK (2000), LANGMAACK (2004), MAIDL ET AL. (2015), MAIDL & PIERRI (2014), 

MERRITT ET AL. (2013), MERRITT ET AL. (2015), SCHULKINS ET AL. (2013). Although the 

research focus in all these and further studies varied, similar test methods and test 

series were applied. A standardisation of essential properties and testing methods 

(setup and procedures) however did not take place. Over the time however, 

approaches became more and more comparable. In Table 2-1 and Table 2-2, the 

most common approaches and test methods within the frame of soil conditioning are 

summarised and distinguished by the main properties investigated according to the 

requirements in chapter 2.2. 

Table 2-1: Characteristic properties and associated recommended tests for foam 

Criteria Approach / Test method Main references 

Foaming behaviour Foam density BORIO (2010), GALLI (2009), MAIDL (1995), 

MERRITT (2004), PEÑA DUARTE (2007), 

PSOMAS (2001), THEWES & BUDACH 

(2010b), VENNEKÖTTER (2012), VINAI 

(2006) 

Foam quality Drainage test according to 

EFNARC GUIDELINES 2001 

(2003) 

BORIO (2010), BUDACH (2012), EFNARC 

GUIDELINES 2001 (2003), GALLI (2009), 

MERRITT (2004), VENNEKÖTTER (2012), 

VINAI (2006) 

 Drainage test according to 

D/DSTAN/ 42/40 (2002-08) 

PEÑA DUARTE (2007) 

 Bubble-size BUDACH (2012), GALLI (2009), PEÑA 

DUARTE (2007) 
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Table 2-2: Characteristic properties and associated recommended tests for assessing the 

interaction of cohesionless soil/rock and conditioning agents (I/II) 

 

Criteria Approach / Test method Main references 

Flow behaviour / 

workability 

Slump test according to 

DIN EN 12350-2 (2009-08) 

BORIO (2010), BUDACH (2012), LEINALA ET 

AL. (2000), PEILA ET AL. (2013b), PEÑA 

DUARTE (2007), QUEBAUD ET AL. (1998), 

VENNEKÖTTER (2012), VINAI (2006), WU & 

QU (2009) 

 Miniature slump test  MALUSIS ET AL. (2008) 

 

Slump flow test according 

to DIN EN 12350-8 (2009-

12) 

BUDACH (2012), VENNEKÖTTER (2012) 

 
V-funnel test according to 

DIN EN 12350-9 (2010-12) 
VENNEKÖTTER (2012) 

 
Flow cone test according to 

ASTM C939 (2010) 
PEÑA DUARTE (2007) 

 

Rheometer (FANN 

Model35, Schleibinger 

Viscomat NT) 

MAIDL (1995), VENNEKÖTTER (2012) 

Shear strength / 

Power consumption 

Torque measurements / 

Mixing tests 

DOBASHI ET AL. (2013), LEVENT ET AL. 

(2013), QUEBAUD ET AL. (1998) 

 (Direct) Shear-box test BEZUIJEN ET AL. (1999), PEÑA DUARTE 

(2007), PSOMAS (2001), WU & QU 

(2009) 

 Shear vane tests BEZUIJEN ET AL. (1999), BUDACH (2012), 

MENG ET AL. (2011), MESSERKLINGER ET AL. 

(2011) 
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Table 2-3: Characteristic properties and associated recommended tests for assessing the 

interaction of cohesionless soil/rock and conditioning agents (II/II) 

Criteria Approach / Test method Main references 

Hydraulic 

conductivity / 

Permeability 

Constant head 

permeameter tests 

according to ASTM D2434 

(2006), DIN 18130-1 

(1998-05) 

BORIO (2010), BUDACH (2012), MAIDL 

(1995) 

 

Consolidation test 

according to ASTM D2435 

(1996) 

PEÑA DUARTE (2007), PSOMAS (2001) 

Compressibility 

Consolidation test 

according to ASTM D2435 

(1996) 

PEÑA DUARTE (2007), PSOMAS (2001) 

 Compression test 
BUDACH (2012), MAIDL (1995), 

VENNEKÖTTER (2012) 

Stability Drainage tests 
MAIDL (1995), PEÑA DUARTE (2007), 

VINAI (2006) 

 Segregation tests BUDACH (2012) 

Penetration 

behaviour / face 

impregnation 

Foam penetration test BEZUIJEN ET AL. (1999), MAIDL (1995), 

MENGÜ (2012), QUEBAUD ET AL. (1998), 

TORKHANI (2013) 

Abrasiveness Weight loss of metals 

during mixing 

GHARAHBAGH ET AL. (2014), 

HEDAYATZADEH ET AL. (2015), JAKOBSEN 

ET AL. (2013), PEILA (2013), WILMS 

(1995) 

Screw conveyor 

tests / Extraction 

tests 

 BEZUIJEN ET AL. (1999), BORIO (2010), 

JIANG ET AL. (2013), MERRITT (2004), 

PEÑA DUARTE (2007) 
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The results from laboratory testing can only function as index values for practice 

because in the studies, production and application of the conditioning agents mainly 

takes place under atmospheric conditions. Nevertheless, the tests enable basic 

understanding of feasibility as well as processes and interactions going on during soil 

conditioning. Recommendations for standardised and reproducible testing can be 

found in BUDACH (2012), BUDACH & THEWES (2015), THEWES ET AL. (2012). 

BUDACH (2012) defines the workability, the compression behaviour and the hydraulic 

conductivity as the essential properties of the support medium. In addition, 

LANGMAACK (2004) emphasises sufficient stability of the soil-foam mix as an important 

requirement. Yet, the most extensive investigations of the interaction between soil 

and conditioning agents have been performed by using the slump test from concrete 

engineering according to DIN EN 12350-2 (2009-08). Hence, the greatest experience 

exists for this test method, although it does not describe the actual flow behaviour, 

rather it represents an index test. Characterisations of the actual flowing of soil-foam 

mixtures so far have only been attempted by MAIDL (1995), VENNEKÖTTER (2012) and in 

some extend by GATTERMANN & KIEHL (2004), MENG ET AL. (2011), MESSERKLINGER ET AL. 

(2011). These approaches will be further analysed in chapter 3.2.3, as they function 

as a base for a more detailed approach of the flow characterisation within this 

research study. 

2.4.3 Conditioning behaviour of a ground: recommended testing procedure 

Project related testing regarding soil conditioning could be conducted on the basis of 

the test methods and experiences presented in chapter 2.4.2. In order to evaluate 

the results, a standard procedure should be introduced, which creates a consistent, 

reproducible and comparable workflow. QUEBAUD & MOREL (1995) and FREIMANN 

(2013), in their research, developed flow-charts for the testing procedure for 

investigations on the conditioning behaviour of a soil. In the presented context, the 

latter one was applied successfully in practice, see MAIDL & PIERRI (2014). Figure 2-7 

shows an updated, exemplary version according to their diagrams with respect to 

pure foam conditioning. This sequence could be seen as a recommendation for such a 

standardised testing procedure. First, the foam alone is evaluated, then, second, the 

conditioning behaviour is investigated. The course is as follows: 
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1. Parameter estimation for foam production (i.e. cf, FER, QF) considering further 

influences such as the type of foam gun, conveying pressures, conveying length 

etc. 

2. Investigation of the foaming behaviour and the foam density (actual FER) (see 

chapter 2.4.2) 

If the actual FER excesses the pre-assigned tolerances from the target value, the 

production parameters have to be adjusted accordingly, cf. THEWES ET AL. (2012). 

3. Investigation of the drainage behaviour and the foam structure (see chapter 

2.4.2) 

If the drainage times (half-life) are too low or the bubble-sizes too large, the 

production parameters have to be readjusted. 

 

Figure 2-7: Recommended procedure for testing of the foam conditioning behaviour of 

coarse soils based on FREIMANN (2013) 
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4. Parameter estimation for foam conditioning (i.e. FIR); grain-size distribution 

curve and water content are assumed to be known in advance 

5. Investigation of the workability / flow behaviour (see chapter 2.4.2) 

If the slump is outside the recommended range of 10 and 20 cm, the FIR has to be 

changed: slump smaller 10 cm  more foam; slump greater 20 cm  less foam 

6. Investigation of the hydraulic conductivity and the stability (see chapter 2.4.2) 

If the hydraulic conductivity cannot be reduced to values lower than kf = 10-5 m/s 

(in very coarse soils kf = 10-4 m/s, see above) and kept below this limit for at least 

120 min, the FIR has to be reconsidered. More foam usually reduces the 

permeability even further, but it is accompanied with the effect of quicker 

decomposition of the mixture. Eventually, a consideration of further conditioning 

additives is necessary. 

This iterative process is rerun as long as all requirements are fulfilled. When other or 

multiple conditioning agents are used, it can be proceeded analogously considering 

the conditioner-dependent parameters. 

Particular attention should be given to the various tunnelling situations in highly 

permeable grounds. During short-term stoppages, e.g. ring build, a sufficient sealing 

of the face has to be maintained. When required, the application of further 

conditioning agents might be necessary. During longer standstills, especially for 

compressed air interventions, face sealing with foam alone is not feasible. 

2.5 Face stability 

As described in chapter 2.2, face stability is maintained, when an equilibrium state is 

generated between the acting pressures (earth pressure, water pressure) and the 

support pressure. In mechanised tunnelling, it is common practice to assess face 

stability analytically based on the failure model according to HORN (1961). It describes 

a soil collapse mechanism in the form of a sliding wedge in front of the tunnel face 

and a prism on top of the wedge. The rupture area is assumed plane and inclined by a 

sliding angle ϑ, on which the wedge is sliding. The failure model is considered as limit 

equilibrium method with Mohr-Coulomb failure criterion and was firstly introduced 
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to mechanised tunnelling by ANAGNOSTOU & KOVÁRI (1994) and JANCSECZ & STEINER 

(1994). Based on the works of JANSSEN (1895) and TERZAGHI (1943), the loading by the 

prism on the wedge can be reduced in certain conditions according to “silo effects”. 

This depends very much on the particular researcher’s perspective; examples: 

consider silo a. always (ANAGNOSTOU & KOVÁRI (1994)), b. when overburden > 3∙D 

(GIRMSCHEID (2008)), c. when overburden “several times greater than” D (TERZAGHI ET 

AL. (1996)) or greater than “a certain minimum cover” (BABENDERERDE & ELSNER (2014)), 

d. only for deep tunnels (>2∙D) (MAIDL ET AL. (2014)), e. when overburden > 1∙D (DAUB 

(2005)). A scheme of the impacts on face stability as well as the geometrical 

boundaries according to the mentioned theories connected to face stability 

assessment is shown in Figure 2-8. 

 

Figure 2-8: Scheme of the failure situation at the tunnel face based on the theories of 

HORN (1961) and JANSSEN (1895); modified from THEWES (2009) 

The calculation of the acting earth pressure at the face can be conducted based on 

Figure 2-8 by equilibrium equation. The loads and forces acting on the wedge, that 

are necessary for the calculation, are the tangential forces at the sides of the wedge 

T, the friction forces in the sliding plane Q and the loading from the prism on top of 

the wedge (reduced if applicable) σv(th) (or Pv). Besides, the dead weight of the 

wedge itself, G, has to be taken into account, too. Equilibrium and transformation 

lead to the resulting earth pressure E (Eq. 2.7). The friction force Q thereby vanishes. 
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E =
(G+Pv)∙(sin(ϑ)−cos(ϑ)∙tan(φ2))−2∙T−c2∙

D2

sin(ϑ)

sin(ϑ)∙tan(φ2)+cos(ϑ)
 [N] Eq. 2.7 

wherein G is the dead weight of the sliding wedge [N], Pv the vertical loading from the 

prism on the wedge [N], ϑ the sliding angle [°], ϕ friction angle of the soil [°], T the 

lateral shearing force at the sides of the wedge [N], c the cohesion [Pa], and D the 

diameter of the tunnel [m]. 

Several authors’ works differ in the calculation of the single loads incorporated in Eq. 

2.7, which primarily concerns the tangential shear forces T and the surcharge Pv (or 

σv(th)). The value of Pv depends on the consideration of soil arching effects (silo 

effect; see above). A very common rule of thumb is to consider soil arching, when the 

overburden’s thickness equates at least to twice the dimension of the tunnel 

diameter (= deep tunnels), cf. MAIDL ET AL. (2014). Furthermore, the coefficient of 

lateral earth pressure for the silo equation is treated differently in the literature, see 

e.g. ANAGNOSTOU & KOVÁRI (1994), GIRMSCHEID (2008), JANCSECZ & STEINER (1994), KIRSCH 

& KOLYMBAS (2005), MAYER ET AL. (2003), MÉLIX (1986). The surcharge from the prism on 

the wedge without soil arching can be determined by using Eq. 2.8 and with soil 

arching by Eq. 2.9. 

For th ≤ 2∙D: 

σv(z) = γ1 ∙ z [Pa] Eq. 2.8 

For th > 2∙D: 

σv(z) =

Asilo
U

∙ γ1 − c1

K1 ∙ tan(φ1)
∙ (1 − e

−
U

Asilo
∙K1∙z∙tan(φ1)) + p0 ∙ e

−
U

Asilo
∙K1∙z∙tan(φ1) 

 [Pa] Eq. 2.9 

with γ the unit weight of soil [N/m³], z the depth below surface [m], th the 

overburden height [m], Asilo the cross-sectional area of the silo [m²], U the 

circumference of the silo [m], K the lateral earth pressure coefficient [-], and p0 the 

surcharge on the surface [Pa]. 
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Moreover, the lateral forces at the wedge T are assessed in different manners. Again, 

the consideration of silo effects and the lateral earth pressure coefficient influence 

the result (see references above) as well as the approach for the distribution of 

vertical stresses; compare ANAGNOSTOU & KOVÁRI (1994), DIN 4126 (2013-09), 

GIRMSCHEID (2008) with KIRSCH & KOLYMBAS (2005), cf. BROERE (2001). Here, the 

definition according to the first group is presented. The total tangential force is 

composed of a friction (TR) and a cohesion component (TC) (Eq. 2.10). 

T = TR + TC [N] Eq. 2.10 

with: TC =
c2∙D

2

2∙tan(ϑcrit)
 [N] 

 TR = tan(φ2) ∙ K2 ∙ (
D2∙σv(th)

3∙tan(ϑcrit)
+

D3∙γ2

6∙tan(ϑcrit)
) [N] 

wherein K is the lateral earth pressure coefficient [-] according to DIN 4126 (2013-09). 

The dead weight G (Eq. 2.11), however, is treated commonly. 

G =
1

2
∙

D3

tan(ϑcrit)
∙ γ2 [N] Eq. 2.11 

Generally, the sliding angle ϑ is varied until the maximum earth pressure is achieved 

(worst-case scenario; ϑcrit). The friction angle ϕ is assumed to be known; the same 

applies for the cohesion c. For T, the cohesion is accounted only to 2/3 of its value, 

see DIN 4126 (2013-09). 

ANAGNOSTOU & KOVÁRI (1996) researched on the influence of seepage flow in the 

direction of the excavation chamber on the face stability. A reduction in the hydraulic 

head towards the face is a sign for a flow potential field from groundwater flow, 

which is orientated to the excavated tunnel. This groundwater flow is generating flow 

forces possibly benefitting to erosion of the face. Therefore, destabilising forces from 

seepage flow should be considered additionally in the earth pressure calculation. 

BUDACH (2012) extended the analysis of ANAGNOSTOU & KOVÁRI (1996) by variation of 

the hydraulic conductivity ahead of the face, in the excavation chamber and in the 

screw conveyor. He explained this alteration by the soil conditioning processes within 

the machine. The investigation was done for a single tunnel scenario with different 

couplings of hydraulic conductivities. FADHEL (2012) then did a similar simulation-
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based analysis, but considering different tunnelling conditions (change of 

overburden, water level, shield diameter etc.). Finally, PAWLIK (2014) added the 

penetration of conditioning agents to the model. She analysed the foam penetration 

rate into the ground and thusly influencing the hydraulic conductivity at and ahead of 

the tunnel face. Moreover, she also took the cutting process of the EPB machine into 

account. All the studies could conclude, that sufficient soil conditioning and thus, a 

significant reduction in the support medium’s hydraulic conductivity prevent 

destabilising forces from seepage flow. 

Lastly, the acting water force at the face can be calculated according to Eq. 2.12. 

W = γw ∙ (hw +
D

2
)
π

4
D2 [N] Eq. 2.12 

with γw the unit weight of water [N/m³] and hw the height of groundwater table 

above tunnel crown [m]. 

Both forces, earth and water force, weighted by safety factors (ηE: safety factor for 

earth pressure = 1.50 [-], ηW: safety factor for water pressure = 1.05 [-], see ZTV-ING 

Part 5 (2012-12)) result in the total support force S on the tunnel axis (Eq. 2.13). By 

considering the face area and the unit weight of the support medium, γS [N/m³], the 

support pressures in the crown and in the invert respectively are obtained (Eq. 2.14). 

S = ηE ∙ E + ηW ∙ W [N] Eq. 2.13 

sinvert/crown =
S

π∙D2

4

± γS ∙
D

2
 [Pa] Eq. 2.14 

Eq. 2.14 assumes a linear distribution (gradient) of the support pressure at the tunnel 

face. Due to possible inhomogeneity of the support material, a non-linear support 

pressure distribution could be likely – especially when dealing with EPB shields, see 

ANAGNOSTOU & KOVÁRI (1996), BEZUIJEN ET AL. (2005), BEZUIJEN & TALMON (2014), THEWES 

& BUDACH (2010b). In situ measurements of actual earth pressures at the bulkhead 

show this (Figure 2-9), most significantly in the zone of the screw intake. An assumed 

difference between pressures measured on the bulkhead and acting pressures at the 

face could not be determined in saturated sandy conditions, cf. BEZUIJEN & TALMON 

(2014). 
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Figure 2-9: Analysis of earth pressure sensors at the bulkhead regarding the actual 

support pressure distribution of an EPB shield according to THEWES & BUDACH 

(2010b) 

Furthermore, the unit weight of the support medium is yet not specified, neither for 

slurry nor for earth muck. ANAGNOSTOU & KOVÁRI (1994), SCHWARZ ET AL. (2006) for 

example assume a unit weight of 12 kN/m³ as for slurry; BABENDERERDE ENGINEERS 

GMBH (2014) assumes 14 kN/m³ as unit weight for the earth muck. Depending on the 

approach for the unit weight, the safety margin of face stability differs significantly 

(ZIZKA & THEWES (2015)). 

Another approach for the analytical design of face stability can be made by using 

active limit state considerations, cf. DAVIS ET AL. (1980), KIRSCH (2009), KIRSCH & 

KOLYMBAS (2005), LECA & DORMIEUX (1990). Furthermore, besides analytical 

assessment, empirical (BROMS & BENNERMARK (1967)), numerical (e.g. KIRSCH (2009), 

VERMEER ET AL. (2002)) and even experimental (e.g. MAIR (1979)) investigations on the 

tunnel face stability can be conducted. For detailed information on the different 

assessments, see e.g. ZIZKA (2012). 
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3. APPROACHES IN NON-
NEWTONIAN, GRANULAR FLUID 

RHEOLOGY 

The pressure distribution is linked to the material fluidity. The more fluid the support 

medium is, the closer it is to the hydrostatic gradient (static limit state). The flow 

behaviour of the material in the chamber is evaluated by index testing and yet, only 

by some first more sophisticated rheological assessments. In order to determine a 

more sophisticated way of describing the flow behaviour of the support medium 

consisting of cohesionless soil and foam, approaches from related material sciences 

and fundamentals of flow dynamics and rheology have to be researched and 

analysed. Subsequently, basic flow patterns of non-Newtonian fluids are presented 

and discussed with regard to their transfer potential for the material contemplated 

here. 

3.1 Rheology 

Rheology is the science of flow of matter. Predominantly, it deals with matter in fluid 

state conditions, but also materials with solid-like properties showing a plastic flow 

behaviour under certain circumstances fall in the study of rheology. For the sake of 

convenience, in the following all types of flowing substances are accounted for 

“fluids”. The fundamentals of rheology and rheological testing as presented 

subsequently are based on BRUMMER (2006), CHHABRA & RICHARDSON (2008), MEZGER 

(2011). 

3.1.1 Rheological parameters 

The flow behaviour of fluids is described by the main rheological parameters, which 

are the shear-induced stress and the shear rate as well as the viscosity. These basic 
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rheological properties can be best explained by Newton’s parallel plate model (Figure 

3-1). A fluid appears between two plates (gap distance h [m]). The upper plate with 

shear area A [m²] is agitated by the shear force F [N] and the resulting velocity v [m/s] 

is measured or vice versa. The bottom plate is fixed (v=0). The fluid is sheared within 

the gap restricted through the two plates. The rheological parameters can be derived 

from this model, when no slip effects on the plates’ surfaces occur and the flow 

condition is laminar. Then, the shear stress τ and the shear rate γ̇ can be calculated 

using Eq. 3.1 and Eq. 3.2.  

τ =
F

A
 [Pa] Eq. 3.1 

γ̇ =
v

h
 [1/s] Eq. 3.2 

The flow resistance the fluid shows towards the external agitation is connected to 

internal friction forces, which is described through the viscosity. The (shear) viscosity 

η can be calculated from Eq. 3.3. This equation also represents the Newtonian flow 

model for ideal viscous fluids, see chapter 3.1.2. 

η =
τ

γ̇
 [Pa∙s] Eq. 3.3 

3.1.2 Classification of fluids: flow behaviour and viscosity 

The flow behaviour and flow properties of fluids generally are dependent of the shear 

load, temperature and time. Thusly, fluids can be classed by their load-dependent 

flow behaviour, which is characterised by its shear rate-shear stress-interaction and 

its viscosity respectively. Fluid behaviour is distinguished into purely viscous, ideal 

 

Figure 3-1: Newton’s parallel plate model; with: F = shear force, A = plate surface area 

(shear area), h = gap distance, v = velocity 
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elastic and visco-elastic flow behaviour. The ideal viscous fluids can be described by 

the Newtonian model. Hence, fluids are classified into Newtonian fluids, i.e. ideal 

viscous fluids with constant viscosity, and non-Newtonian fluids. The latter group 

exhibits both elastic and viscous shares in the deformation behaviour, which leads to 

a non-proportional relationship between shear rate and shear stress. Therefore, the 

non-Newtonian fluids can be divided into shear-thinning and shear-thickening fluids, 

each with and without yield stress. With increasing shear rate, shear-thinning fluids 

show a rather reduced increase in shear stress, while shear-thickening fluids would 

show an increasing incremental growth. The yield stress represents a certain shear 

stress, which must be overcome first to initiate fluid flow and thusly, plastic or 

viscous deformation. In other words, it can be seen as shear strength for (soft) solids. 

Figure 3-2 qualitatively illustrates the stress-strain relationships for the different fluid 

types as introduced before. 

 

Figure 3-2: Classification of fluid according to their shear stress-shear rate-relationship 

The shear rate-shear stress-relationship can be determined in rheometer testing 

through flow curve experiments. The same applies for the shear rate-viscosity-

relation (viscosity curve). The data generated in testing usually consists of torque 

measurements and shear velocities. As described on the Newtonian plate model, the 

measurements have to be transformed into rheological parameters first. Then, an 

approximation of the data points by a model function can be conducted. Several 

constitutive flow models exist in order to describe the different flow patterns. 
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Ideal viscous fluids are described by the Newtonian model (Eq. 3.4). 

τ = η ∙ γ̇ [Pa] Eq. 3.4 

Fluids without yield stress can be approximated with the model of Ostwald-de Waele 

(or power-law equation) (Eq. 3.5). Depending on the exponent p (form factor; [-]), the 

model either describes a shear thinning (p<1) or a Newtonian (p=1) or a shear 

thickening fluid (p>1). 

τ = k ∙ γ̇p [Pa] Eq. 3.5 

with k the viscosity parameter [Pa∙s]. 

The formulation according to Herschel-Bulkley exhibits the same form, but it is 

extended by τy [Pa], a summand for the yield stress (Eq. 3.6). When the yield stress is 

zero, the equation is similar to the power-law equation. If p=1, the Herschel-Bulkley 

model results in the Bingham plastic model. 

τ = τ𝑦 + k ∙ γ̇
p [Pa] Eq. 3.6 

The Bingham plastic model is a very common and simple model for fluids with yield 

stress (Eq. 3.7) but otherwise constant viscosity. Overcoming the threshold of yield, 

Bingham fluids show purely plastic flow. 

τ = τ𝑦 + k ∙ γ̇ [Pa] Eq. 3.7 

Besides these models, a multitude of other approaches exists from several fields of 

applications. One of them used later in this study is a modified version of the 

Herschel-Bulkley model considering an extension by PAPANASTASIOU (1987), also 

known as Papanastasiou-Herschel-Bulkley model (Eq. 3.8), see MITSOULIS (2007). 

τ = a ∙ γ̇p + τ∗ ∙ (1 − e−m∙γ̇) [Pa] Eq. 3.8 

wherein a is the fluid consistency factor [Pa∙sn], τ* is the yield stress [Pa], and m is a 

factor controlling the stress growth at low shear rates [s]. p again is a shape 

parameter [-]. Thus, it is possible to capture courses of shear stress measurements 

with different performance at low and high shear rates suitably, which features a 
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description of the material response under shear loading in both the yielded and the 

unyielded region. 

Another flow curve model is the Casson model (Eq. 3.9). It was originally applied to 

printing pastes and is often used to describe the flow behaviour of foodstuffs 

(especially chocolate melts), blood and other biological materials. 

√τ = √τy +√k ∙ γ̇ [Pa] Eq. 3.9 

Further models with and without yield stress consideration can be found for example 

in MEZGER (2011). 

3.1.3 Rotational rheometry 

In rheology, various types of tests are being performed in order to gain information 

about the rheological behaviour of fluids. Mainly it is distinguished into rotational 

rheometry, creep and relaxation testing and oscillation tests. In creep and relaxation 

tests (also named step strain test), the visco-elastic behaviour is investigated over a 

number of shear stress levels (creep test) and deformation levels (relaxation test) 

respectively. Both tests are applied rather rarely nowadays in applied rheology 

(MEZGER (2011)). More frequently oscillation tests are performed. The fluid is 

stimulated as in the Newtonian model (Figure 3-1), though the moving plate is 

oscillating fore and back. Thusly, a shear rate in waveform is applied and the 

resonance shear stress can be determined. There are two types of oscillation tests: 

amplitude sweep tests and frequency sweep tests. In amplitude sweep tests, the 

amplitude of oscillation is altered while the frequency is maintained constant. 

Accordingly, in frequency sweep tests, the frequency of stimulation is changed and 

the amplitude remains the same. From testing, the (complex) shear modulus, the 

storage modulus and the loss modulus can be derived, which provide information 

about the substance’s (time-dependent) deformation behaviour. The deformation 

behaviour bears elastic and viscous shares. Furthermore, from the deformation 

behaviour the yield point can be determined. 

In rotational rheometry, the flow behaviour of fluids can be investigated by 

experimentally determining their flow curves. Rotational rheometry generally means 

that a rotation is applied onto a testing sample. Often, some kind of shearing body 
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(rotor) rotates in the material at pre-defined speeds or deformation rates. By doing 

so, torques are obtained which in turn can be transformed into rheological 

parameters taking into account the very specific flow conditions. Several test 

methods and measuring profiles and geometries exist for such flow curve 

experiments. This is why established procedures and setups shall be introduced in 

more detail in the following and furthermore, how a conversion of data into 

rheological parameters can be approached. 

3.1.3.1 Testing procedures 

Flow curve tests can either be conducted stress- or rate-controlled. Thus, the default 

measuring profile consists of either a predefined velocity (shear rate) or shear stress 

function over time. Depending on what is aimed at, the testing profile is selected. 

Determining flow and viscosity curves, the profile usually has the form of a (linear or 

logarithmic) ramp (Figure 3-3) or a step-like distribution (Figure 3-3). Time-dependent 

behaviours of fluids often are investigated either at constant values of shear rate or 

shear stress (Figure 3-4), or by using hysteresis profiles (i.e. first increasing the default 

value, then decreasing again; Figure 3-4). Restructuring effects under certain loadings 

are one example for time-dependent patterns that can be evaluated thusly. The 

temperature in flow curve tests usually is kept constant in order to avoid further 

influences on the results. An exception are temperature rate-controlled experiments. 

Table 3-1 summarises common test profiles and their benefits for the different 

rheological applications. 

  

Figure 3-3: Typical profiles in flow curve experiments I: linear / logarithmic ramp (left) 

and step-like profile (right) 
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Figure 3-4: Typical profiles in flow curve experiments II: constant shear rate (left) and 

hysteresis loop (right) 

Table 3-1: Typical profiles in flow curve experiments applied in rotational rheometry 

Profile Description Test outcome 

Step-like profile Shear rate/shear stress is 

maintained for a certain time 

and then repeatedly increased 

to the next level 

Flow curve, viscosity curve 

Constant value Shear rate is maintained 

constant 

Time-dependent evolution of 

the shear stress 

Linear ramp Shear rate/shear stress is 

continuously increased 

Flow curve, yield point (when 

shear stress is increased) 

Logarithmic ramp Shear rate/shear stress is 

logarithmically increased 

Flow curve 

Hysteresis loop Shear rate/shear stress is 

increased to a maximum value 

and then decreased again; 

step-like or ramp profile 

possible 

Analysis of time-dependent 

behaviour, evaluation of 

restructuration effects 
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Besides the presented profiles, it can be beneficial to implement resting times or a 

period of pre-shear. Measuring systems dipping into the sample may cause 

disturbances and the material might require a certain time to relax. Other 

experiments might need a certain pre-shearing of the material in order to overcome 

retardation effects, acceleration effects or material inhomogeneity. 

Time is an important factor in rheometry. Rheometry is distinguished into low-shear 

(γ̇ < 1 1/s) and high-shear (γ̇ > 1 1/s) testing. Especially when shearing in a low-shear 

range, a certain time is necessary in order to assign the whole shear gap with the 

defined shear rate. The retardation of each shear layer to take over the shear rate is 

defined as transient viscosity effect. Yet, in order to gain significant results, a steady 

state in viscosity is needed. Hence, the data-sampling rate has to be adjusted. In 

literature, a minimum data-sampling rate equal the corresponding reciprocal shear 

rate value is recommended, see e.g. MEZGER (2011). Therefore, in flow curve tests 

that cover several magnitudes of shear rate or shear stress, it is advantageous to use 

a logarithmic ramp profile. In this manner, shear responses can be obtained within 

the low-shear range as well as in the high-shear range. Transient flow effects, which 

can arise during logarithmic augmentation of shear, have to be countered with 

variable measuring point durations. Normally, the times between the single 

measurements during the test is maintained constant for the reason of simplicity. 

The temperature in flow curve tests usually is kept constant in order to avoid further 

influences on the results. An exception are temperature rate controlled experiments. 

3.1.3.2 Measuring systems and conversion of raw data 

In rotational rheometry, mainly three types of measuring systems are applied: 

concentric cylinder, cone-plate and plate-plate (parallel plate) configurations. These 

measuring systems are described in DIN 53019-1 (2008-09). Besides those, other 

measuring systems exist in various designs, very often adopted and modified for 

countless applications. This group often is referred to as relative measuring systems. 

The geometry and configurations often are too complex to find a simple conversion 

approach between measurable data (e.g. torque and rotational speed) and 

rheological properties (e.g. viscosity, shear stress), to describe the flow in the system 

and to incorporate all side and boundary effects (slip, fractions of viscous and form 



 3. Approaches in non-Newtonian, granular fluid rheology 39 

 

drag etc.). The most commonly used measuring systems and selected relative 

systems, which are of relevance for this study, are presented subsequently. 

1. Plate-plate and cone-plate configuration 

Both setups consist of one stationary plate at the bottom and the rotary upper part 

(plate or cone). The cone exhibits an angle usually between 1° and 4°; the plate is 

plane and has a smooth surface. The minimum recommended diameter for both is 20 

mm. The sample gap between needs to be filled completely. When investigating 

granular fluids, the maximum particle-size should be limited to one fifth of the gap 

width between upper device and bottom plate (DIN 53019-1 (2008-09)). In any case, 

the gap width H should be always much smaller than the rotor radius R. The cone-

plate measuring system and the parallel plate measuring system are illustrated in 

Figure 3-5. 

Both systems exhibit advantageous features. Using the cone-plate system, 

homogenous shear conditions are achieved due to constant shear rates in the entire 

gap. The plate-plate system does not reach constant shear rate values within the 

whole gap but it enables measuring fluids containing larger particle-diameters. This 

however can benefit secondary flow effects. 

  

Figure 3-5: Cone-plate system (left) and plate-plate system BRUMMER (2006) 

Conversion of raw data (torque M [mNm] and rotational speed N [1/min]) into the 

rheological parameters τ and γ̇ can be done by using Eq. 3.10 and Eq. 3.11 for the 

cone-plate configuration and Eq. 3.12 and Eq. 3.13 for the plate-plate configuration 

respectively, see DIN 53019-1 (2008-09). The viscosity then can be calculated again 

according to the Newtonian model as shown in chapter 3.1.1. 
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Cone-plate configuration: 

τ =
3

2π∙Rc
3 ∙ M [Pa] Eq. 3.10 

γ̇ =
6

αc
∙ N [1/s] Eq. 3.11 

with Rc the cone radius [mm] and αc the cone angle [°]. 

Plate-plate configuration: 

τ =
4

3π∙Rp
3 ∙ M [Pa] Eq. 3.12 

γ̇ =
π∙Rp

45∙h
∙ N [1/s] Eq. 3.13 

with Rp the plate radius [mm]. 

2. Concentric cylinder configuration 

The concentric cylinder configuration consists of a cylindrical sample beaker (cup) 

and an inner cylindrical measuring geometry (bob), both of them with the same 

rotational axis. The gap between cup and bob needs to be very narrow in order to 

apply the Newtonian model and its derivation of rheological parameters. Otherwise, 

secondary flow (Taylor vortices and turbulent flow), transient effects or 

inhomogeneous deformations may occur. The limitation of the shear gap is defined in 

DIN 53019-1 (2008-09) especially over the (squared) ratio of the inner and outer 

cylinder radii: Re/Ri = 1.0847 or (Ri/Re)² = 0.85. When using bigger shear gaps, the 

rheological parameters are often related to the bob surface. The concentric cylinder 

measuring system and its geometrical definitions are displayed in Figure 3-6. 

In general, two modes of operation exist. Either the cup is rotated while the inner 

cylinder is maintained stationary (Couette method), or the cup is stationary and the 

bob is at motion (Searle method). The latter one is more commonly practiced. 

The biggest advantage of this measuring system is that the testing fluids cannot flow 

off the shearing gap, as they could in the cone-plate or plate-plate setup; even at high 

rotational speeds or low viscosities. However, the filling process and especially the 
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dipping process of the bob into the sample container is difficult and bears the danger 

of air entrapments. 

The conversion of raw data into the rheological parameters τ and γ̇ can be done by 

using Eq. 3.14 and Eq. 3.15 for the narrow gap according to DIN 53019-1 (2008-09) 

related to the middle of the gap. 

τ =
1

2π∙L∙Ri
2∙cL

∙ M [Pa] Eq. 3.14 

γ̇ =
2π∙(1+

Re
2

Ri
2)

60∙(
Re
2

Ri
2−1)

∙ N [1/s] Eq. 3.15 

with L the bob length (height) [mm], Ri the bob radius [mm], Re the cup radius [mm], 

and cL the end-effect correction factor (1.10 for conical shape, for plane shape see 

annotations in DIN 53019-3 (2008-09)) [-]. 

Multiphase fluids containing particles of increased size require a larger gap because 

otherwise the fluid cannot be considered as continuum anymore (BARNES (1995). The 

particle scale would be much more significant than the liquid scale. DIN 53019-1 

(2008-09) recommends a maximum particle-size not exceeding 20% of the present 

gap distance in the testing device. However, a large gap can lead to unsteady shear 

 

Figure 3-6: Concentric cylinder system according to DIN 53019-1 (2008-09); taken from 

BRUMMER (2006) 
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conditions. Therefore, the rheological data usually is related to the bob surface 

(MEZGER (2011)). Eq. 3.16 and Eq. 3.17 should be used for large gap configurations to 

calculate the rheological parameters from the measurements. 

τ =
1

2π∙L∙Ri
2 ∙ M [Pa] Eq. 3.16 

γ̇ =
4π∙Re

2

60∙(Re
2−Ri

2)
∙ N [1/s] Eq. 3.17 

The viscosity can be calculated again according to the Newtonian model as shown in 

chapter 3.1.1. 

3. Systems with treated surfaces 

The concentric cylinder measuring system and the parallel plate system both feature 

the possibility to modify the shearing surfaces. Smooth surfaces benefit slip effects 

because of intermediate fluid layers with high velocity gradients between the fluid 

and the surface material, see BARNES (1995), DENKOV ET AL. (2012); see also chapter 

3.1.3.3. This of course depends on the viscosity and the surface material. In order to 

reduce the occurring slip, the plate and cylinder surfaces are often treated. This can 

be done by gluing sandpaper with different degrees of roughness to the surface area, 

compare ÖZARMUT ET AL. (2013), or by sandblasting. Another way is to manufacture 

plates, bobs and cups with serrated or profiled designs, see MEZGER (2011). The 

degree of roughness and the serration/profile depth has a significant influence when 

working with granular fluids, since the grains might enter the uneven surfaces. 

Furthermore, the laminar flow conditions might be disturbed by treated surfaces 

leading to turbulent flow and vortices, particularly in the boundary layers. 

4. Vanes, paddles and spindles 

Relative measuring systems are manifoldly existent by field of application or design. 

However, the measuring principle remains usually the same. A conversion of the 

measured parameters (torque, deformation) cannot be done easily, which is why 

rheological data is specified in relative values (e.g. “relative viscosity”). This data 

cannot be compared to absolute rheological values obtained in precise rheometry, 

except for some correlation approaches after many comparative tests. The cause for 

this lies within the complex flow field generated through the geometrical system 

design. Spindles, paddles and vanes create secondary flow effects such as local 
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turbulent flow conditions or vortices. Nevertheless, for the generation of 

homogeneous shear conditions and thus the application of Newton’s plate model and 

the determination of the rheological parameters, laminar flow conditions are 

substantial. 

For instants, commonly used relative systems for rheological applications in the field 

of granular fluids (suspensions containing mineral particles, cementitious materials, 

soils) are: 

 four-bladed or six-bladed vanes (Figure 3-7) 

Vane impellers have the advantage of immersion into a sample without 

influencing the sample structure too severely, cf. BARNES & NGUYEN (2001). Once at 

motion, the failure body acts as a rotating cylinder, particularly in very stiff 

materials, compare Figure 3-7. Thus, wall slip effects might be prevented in 

contrast to smooth cylinder surfaces (BARNES (1995), MEZGER (2011)). Shear vanes 

represent a common field test device in soil mechanics. Based on DIN 4094-4 

(2002-01), the shear strength cfv (field vane shear strength) of the soil can be 

estimated in dependence of the required torque to overcome the material 

resistance, Mmax, (Eq. 3.18). Required preconditions of this assumption are an 

aspect ratio of H = 2∙d (H = vane height, d = vane diameter) and an equally 

distributed stress distribution on the cylinder surfaces. 

  

Figure 3-7: Shear vane system according to DIN 4094-4 (2002-01): assumption of 

cylindrical failure body (left), equally distributed shear stress cfv on the lateral 

and end surfaces of the cylinder 



44 3. Approaches in non-Newtonian, granular fluid rheology  

 

cfv =
6∙Mmax

7π∙d3
= τ [Pa] for H = 2∙d Eq. 3.18 

 paste spindles (Figure 3-8) 

Paste spindles are applied in material sciences for example for the investigation of 

fresh mortars or other similar pasty materials. An interpretation of the obtained 

measurements through rheological parameters oftentimes is not feasible or can 

only be seen as device-specific parameters. 

 paste paddles (Figure 3-8) 

Lime paddles are widely used for the stirring and the rheological characterisation 

of dispersions, such as cement limes or plasters, containing only small particles. 

The lime paddle resembles a two-bladed vane with grand openings. Hence, the 

testing fluid surrounds the vertical bars from two sides. Furthermore, the gap 

between these bars and the container wall is designed very narrow. Therefore, 

the maximum particle-size within the testing fluid is limited. 

  

Figure 3-8: Examples for paste spindles (left) and paddles; both pictures from 

SCHLEIBINGER GERÄTE TEUBERT U. GREIM GMBH (2015b) 

5. Ball measuring system 

The ball measuring system is designed in a way that a sphere (diameter dSphere) is 

rotating eccentrically (eccentric radius LSphere) on a circular path in a sample cup 

(Figure 3-9b). First appearances date in the 1990s, see MÜLLER ET AL. (1999), 

JP3388621(B2) (2003), JP7229823(A) (1995), with a main field of application for 

plasters and mortars. Up to now, only few approaches using the ball measuring 

system have been established, because its rheological interpretation especially in 

non-Newtonian fluids is quite complex. The analysis of results is not based on laminar 

flow conditions only, but also on displacement flow. Form drag and viscous drag 
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appear on the sphere surface, when drawn through the material. Approaching the 

conversion of raw data into rheological parameters is therefore quite challenging. 

Moreover, a comparison of the attained values of the ball measuring system with 

absolute rheological values of setups according to DIN 53019-1 (2008-09), as 

presented afore, is not feasible. However, the use of this measuring system enables 

the rheological investigation of granular materials even with large particle-sizes, cf. 

SCHATZMANN ET AL. (2009). Existing setups consist of sphere diameters dSphere ranging 

from 8-20 mm; the cup has a volume of approximately 500 ml. The eccentricity is 

around 35-40 mm. The theoretical background and the approaches of data 

conversion for different fluids, which have been developed so far for the ball 

measuring system, will be presented in detail in chapter 7.3.2.1 in order to highlight 

the complexity. The experimental procedures, the aims of testing and the attained 

findings will be presented briefly in chapter 3.2. 

  

Figure 3-9: System sketches of the ball measuring system; a) according to JP3388621(B2) 

(2003), JP7229823(A) (1995), b) according to MÜLLER ET AL. (1999) 

3.1.3.3 Wall slip 

A generally applied boundary condition in fluid dynamics is the so-called no-slip 

condition. It says that at a solid boundary (wall), the velocity of viscous fluids will be 

zero, see CHHABRA & RICHARDSON (2008). When investigating flow patterns of non-

Newtonian fluids, it is often observed that the no-slip condition is not valid anymore. 

Small layers exhibiting a reduced viscosity occur between the bulk fluid and the 

confining wall. This condition is defined as wall depletion or slip effect (BARNES 

(1995)). Within these small residual layers (boundary layers), high velocity gradients 

can occur. Hence, the boundary layer can act as lubricant resulting in an increased 

flow rate of the bulk fluid and it thusly even benefits several engineering applications. 

This appears particularly for multiphase fluids like colloidal dispersions because the 

a) b) 
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disperse phase (e.g. particles) is moving away from the solid walls. Furthermore, 

smooth walls and large shear gaps benefit depletion (BARNES (1995)), which can lead 

to contradictory design criteria. Looking back on the constraint that the maximum 

particle-size within a testing fluid should be limited to 20% of the gap width, 

suspensions containing large-particles require large-gap configurations in order to 

confirm a continuum description of the material. In contradiction, the gap should be 

as narrow as possible in order to limit wall slip influences, see BARNES (1995). 

However, wall slip can influence the results determined in rheological investigations 

significantly. Applying constant shear rates, wall slip effects result in reduced shear 

stresses compared to what was expected, cf. CHHABRA & RICHARDSON (2008). 

Interpretation of data can then produce artefact effects (DENKOV ET AL. (2012)). 

Frequent occurrences are encountered between the rotor or container surfaces of 

the rheometer and the testing fluid. Therefore, adequate contemplations have to be 

taken into account, which neutralise the error from wall slip. Common counter-acting 

approaches consider either adjustments in the design of the test equipment (surface 

treatments; see chapter 3.1.3.2 and BARNES (1995), BARNES & NGUYEN (2001), MEZGER 

(2011)) or customised correction models. Model developments quantifying the slip 

usually assume a slip velocity, which is linked to the wall shear stress. This 

dependency has to be assessed realistically in order to consider the slip effects in the 

results, cf. CHHABRA & RICHARDSON (2008). 

3.2 Investigations on the flow behaviour of colloidal dispersions 

Heterogeneous systems containing two usually immiscible media, whereof one is 

particles or drops, are defined as colloidal dispersions (YARIV & CROSS (1979)). 

Examples for colloidal dispersions can be foam (gas dispersed in liquid), emulsions 

(mixture of two liquids), gels (liquids dispersed in solid), suspensions (solids dispersed 

in liquid), or sols (solids in gas or solids). Approaching the flow behaviour, or 

rheology, of soil-foam mixtures, one key question is to discuss the type of dispersion. 

One might consider this material as a foam containing particles or as foam-enriched 

soil. This probably relies on the different volume fractions, of which the mixture is 

composed. Therefore, the rheology of selected colloidal dispersions linked to this 

study is surveyed. A particular review of the rheology of both components, foam and 

soil, is essential for the methodological approach. Furthermore, experimental 
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assessments of the flow behaviour of soil-foam mixtures are introduced in more 

detail compared to chapter 2.4.2. In the last subchapter, investigations of the flow 

behaviour of cementitious materials are presented because they of similarities in 

some extend to EPB support material – especially regarding possible maximum grain-

sizes. Gaining information on research strategies, on possible challenges and 

questions of importance, on boundary problems, and on the flow behaviour of these 

materials, first expectations and limitations of this study might be phrased based 

upon this literature research. The literature review focuses particularly on 

experimental approaches. Analytical models are presented occasionally, in case of 

significance. Numerical attempts are pointed at briefly in chapter 3.2.5. 

3.2.1 Rheology of foams 

Apart from other essential properties like for instance morphology (see WEAIRE ET AL. 

(2012)) and drainage behaviour (see KOEHLER (2012)), which are not of main interest 

in this study, several authors have analysed flow properties of foam. Particularly flow 

curve tests have been performed to determine the flow behaviour and to find an 

adequate flow model. KROEZEN ET AL. (1988) used a coaxial Brabender viscometer to 

investigate foamed aqueous solutions containing lauryl sulphate and different 

concentrations of thickener. The measuring system consisted of different 

configurations considering both smooth and profiled surfaces. Two aspects were of 

main interest for the authors: one aspect was the analysis of the slip effect and a 

second objective was the investigation of structural change under shear load. The 

results of the experimental data were obtained using a “hysteresis linear ramp” 

profile (0 - 500 rpm) and were fitted with a power-law model. KHAN ET AL. (1988) 

determined the foam viscosity as a function of shear rate for different gas volume 

fractions by using a plate configuration of the Rheometrics Mechanical Spectrometer 

RMS7200. In order to minimise slip effects between the foam and the metal plates, 

sandpaper was glued to the plates. Stress relaxation tests were performed on the 

different foam samples leading to information on the yield stress in a low shear rate 

range (γ̇<1 1/s). Furthermore, they conducted amplitude sweep tests determining the 

foam viscosity. They found foam to behave like a shear-thinning fluid. DENKOV ET AL. 

(2012) summarise the foam rheology as follows: under small shear stresses, foams 

behave like soft solids; beyond the yield stress, foams show a shear-thinning flow 

behaviour. 
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Most important in the rheological analysis of foams is the consideration of wall slip 

effects in the experiment and the maintenance of the foam properties over the 

duration of testing (HÖHLER & COHEN-ADDAD (2005)). Wall slip can be reduced either by 

roughening the confining walls or by adequate modelling of the slip boundary 

condition, i.e. the determination of the viscous stress acting on the wall surface under 

the residual slip shear rate (see 3.1.3.3). Slippage between foam and wall is also a 

focus of the study of DENKOV ET AL. (2005). By performing rheometer tests on foams 

using a parallel plate measuring system with both a sandpaper-sandpaper and a 

sandpaper-glass configuration, they could analyse the viscous friction within the foam 

and the foam-wall friction. Additionally, they found the Herschel-Bulkley model 

adequately describing the stress behaviour of foam. 

Foams were also investigated by MAIDL (1995). He developed a large-scale capillary 

viscometer based on SCHULZE ET AL. (1991) in order to determine yield stress 

properties of foams used in EPB tunnelling. However, a stagnation within the capillary 

(represented by a hose) was not achieved and thus a determination of a yield stress 

was not possible. During the extrusion of foam from the hose, a plug flow of the foam 

on a small fluid film was observed, which means that the no-slip condition at the 

inner wall seemed not to be valid. 

3.2.2 Soil rheology 

VI︠A︡LOV (1986) refers the rheology of soils to creeping and consolidation processes. 

The application of the rheological Kelvin-Voigt model in consolidation theories is a 

common example in soil mechanics, cf. KRIZEK (1984). MARKGRAF (2011) extends this 

view to the deformation characteristics of soils. She founds this on a description of 

soils as viscoelastic material due to elastic and plastic strain behaviour. As mentioned 

in chapter 3.1.2, viscoelastic fluids possess likewise elastic and plastic fractions of 

shear responses. According to KRIZEK (1984), the soil deformation behaviour probably 

benefits from the visco-elastic theory but the degree of enhancement of the outcome 

may not justify the effort. 

A rheometer for the determination of visco-plastic parameters of soils was developed 

by KARMAKAR & KUSHWAHA (2007). It is based on the principle of a turning shear vane. 

Investigations were performed at pre-defined constant vane speeds on a soil 

composition of clay (29%), silt (24%) and sand (47%) with different water contents 
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and different levels of compaction. The resulting measured torques were translated 

into shear stresses by the vane shear model as proposed in DIN 4094-4 (2002-01). 

The peak torque of the single measurements was defined as shear strength. A 

distribution of the shear strength values over the corresponding shear rates of one 

sample was fitted with the Bingham model. Thusly, effects of the moisture content 

and the compaction onto the rheological behaviour could be elaborated. The device 

is shown in Figure 3-10. 

 

Figure 3-10: Soil rheometer of KARMAKAR & KUSHWAHA (2007) 

LUBE ET AL. (2005) performed column failure tests with several dry granular materials 

(sands, sugar, and rice). Column failure tests to some extend can be linked to slump 

tests, since at the beginning of the experiment, the material is held in a certain form 

and then suddenly released from it and its movement is analysed. The basic principle 

is displayed in Figure 3-11. The aim of LUBE ET AL. (2005) was a two-dimensional 

description of the movement of the granular column and of the final shape. 

Therefore, they used acrylic glass containers of different aspect ratios and high-speed 

video cameras. During movement, they observed that the main flow occurred above 

the material forming the bottom layer, which – once in contact with the bottom – 

remained stationary. The kinematics of the flow front could be derived from the 

camera recordings. Additionally, the run-out distance could be approximated by a 

power-law function considering the aspect ratio up to certain limitations. 

Overall, it is more common to derive stability parameters of pure soils from 

oedometer, triaxial and shearbox tests. At this point, the applicability of rheometry to 

soils is more valuable to the study. Nonetheless, these standard procedures from soil 

mechanical testing will be further considered in the context of conditioned soils 

(chapter 3.2.3), particularly the transferability of these tests to soil-foam mixtures. 
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Yet, the application of rheometry in soil mechanical investigations is uncommon but 

becoming progressively more important (MARKGRAF & HORN (2005)). More often, it is 

applied to suspended soils (e.g. clay slurries), to debris flows and to mudflows (highly 

concentrated suspensions). Experience from rheological testing of these media is 

presented in the following.  

3.2.2.1 Rheology of mineral-based particle-suspensions 

The rheology of mineral-based particle-suspensions has been assessed widely both in 

science as in practice. Depending on the distinct properties such as the consistency, 

suspensions can exhibit several flow patterns but most frequently, the flow 

behaviour of particle-suspensions are characterised non-Newtonian, see API 

RECOMMENDED PRACTICE 13D (2010-05), LUCKHAM & ROSSI (1999), YARIV & CROSS 

(1979). Numerous test methods are applied on various types of suspensions in order 

to gain information on their flow properties and most of them have become 

standards in their specific area of application. However, only few of these tests 

provide quantitative information on the actual flow behaviour. It is more likely to 

assess properties as the yield stress or the viscosity via index tests. Commonly applied 

test methods for such suspensions are regulated in norms as for example API 

RECOMMENDED PRACTICE 13D (2010-05), DIN 4127 (2014-02). One of them is the 

Marsh cone (Figure 3-12), a flow-out test. From a measurement of specific flow-out 

times, conclusions can be drawn regarding yield stress or viscosity. Another example 

is the Ball Harp (Figure 3-12). It gives information on the yield stress of the 

suspension. A set of spheres with different dimensions and unit weights are dipped 

into the testing fluid. Based on the fluid surface tension and the fluid yield stress, the 

last subsiding ball and the first non-sinking ball provide information on the yielding 

 

Figure 3-11: Principle of the column failure tests according to LUBE ET AL. (2005) 
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properties. However, all information gained through these tests are incomparable to 

each other due to the different shear or flow conditions, which is why the obtained 

properties should indicate the used testing instrument, cf. MEZGER (2011). There have 

been some recent assessments determining flow curves from index testing, see 

GHORBANPOUR AKBARABADI (2013), SCHÖßER & THEWES (2015). 

Nevertheless, rheological experiments with rheometers on suspensions are belonging 

by now to common practice, too. An often-applied rheometer on suspensions is the 

FANN Model 35a (Figure 3-12), which is based on the recommendations in API 

RECOMMENDED PRACTICE 13D (2010-05). It is a concentric cylinder type rheometer 

with mechanical measurement of the torque. 

 

Figure 3-12: Recommended test methods determining flow properties of bentonite 

slurries: Marsh cone (left), ball harp (middle) and FANN rotational viscometer 

Model 35a. 

HEINZ (2007) summarises several state-of-the-art test methods applied on 

suspensions, both index tests and rheometers. Furthermore, she conducts 

experiments using different methods (index tests: Marsh cone, kasumeter according 

to SCHULZE ET AL. (1991), ball harp; rotational rheometry) for a comparison of the 

resulting rheological parameters of pure and modified bentonite slurries. In the 

rheometer experiments, the parallel plate system and the ball measuring system 

were used. Flow curve tests and amplitude sweep tests were performed in order to 

obtain the yield stress and the viscosity. 

3.2.2.2 Rheology of debris and mudflow material 

The rheology of fine-grained debris materials was investigated by JEONG (2006), JEONG 

ET AL. (2009). The various test samples were composed of different clays and fine soils 

representing real debris flow materials and highly concentrated suspensions. 
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Rheological investigations on these samples were executed using a rotational 

rheometer with concentric cylinder measuring system and a laboratory shear vane. 

Within a shear rate of 1 - 1,000 1/s the flow behaviour of the investigated soils was 

found to behave according to the power-law model. 

Rheological investigations on suspensions and debris flow materials containing large 

particles (up to 25 mm) were conducted by SCHATZMANN (2005), SCHATZMANN ET AL. 

(2009) through a comparative experimental study. The flow behaviour was assessed 

with index tests (slump test, inclined plane/channel test and a capillary rheometer) as 

well as with rheometry (BML Viscometer, Large-scale Coaxial Cylinder Rheometer and 

MCR Rheometer with ball measuring system (Figure 3-9)). An analysis of the results 

should provide information of the applicability of the different test methods to 

complex colloidal suspensions. As will be introduced in chapter 7.3.2.1, the adaption 

and calibration of the ball measuring system was one key issue in the investigation. 

Flow curve tests were performed on debris flow material with the ball measuring 

system and the resulting shear stress distributions, which are based on the developed 

approach, were compared to the results of the other rheometers. The flow curves 

obtained with the three rheometers were all in the same range of shear stress and 

could be fitted adequately by the Herschel-Bulkley model. Furthermore, the yield 

stress was derived from index tests for different concentrations of particles. The 

inclined plane/channel test was conducted as proposed by COUSSOT & BOYER (1995), 

the capillary rheometer (kasumeter) followed SCHULZE ET AL. (1991) and the slump test 

was performed according to PASHIAS ET AL. (1996) with a slump cylinder instead of a 

cone. The determination of the single yield stresses of each tests followed the 

approaches of the correspondent authors. Deviations were less than 30% compared 

to the yield stresses from the flow curve approximations. 

COUSSOT & BOYER (1995) investigated the flow behaviour of mudflow materials 

resembling clay-water mixtures. Therefore, they used an inclined plane test depicting 

an open channel, in which the flow profile of the testing material was determined 

after the fluid reached the final position and was at rest. From the final geometrical 

heights of the profile (see Figure 3-13) and the channel aspect ratio, assuming a 

Herschel-Bulkley fluid behaviour, and based on the theory of steady free surface flow, 

COUSSOT & BOYER (1995) could develop an approach of obtaining the fluid yield stress. 

Considering a variation of the channel inclination, different shear rates could be 
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generated. Comparative tests were performed using a rotational rheometer with 

plate-plate and cone-plate configurations. Fitting the data was possible with the 

Herschel-Bulkley model. Thusly, a comparison of the flow curves attained with both 

devices was possible. 

3.2.3 Rheology of conditioned soils 

The experience from lab testing of conditioned soils (chapter 2.4.2) showed that 

there are some approaches to describe the flow behaviour, or the workability, of 

conditioned soils. The mostly applied method to describe the material flow is the 

slump test according to DIN EN 12350-2 (2009-08), which can only work as index test 

because actually no flow properties are being determined. A summary of various 

investigations on the workability of conditioned soils using the slump test and 

resulting recommended slump ranges can be found in BUDACH (2012), VINAI (2006). 

Thereof, slumps between 10 and 20 cm have been reported as suitable workability 

for EPB applications, which goes along with slump classes S3 and S4 according to DIN 

 

Figure 3-13: Principle of the inclined plane test according to COUSSOT & BOYER (1995) 

showing the fluid state just after beginning to flow (top) and in the final 

position at rest 
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EN 206 (2014-07), see 3.2.4. Besides these common approaches, other assessments 

of the flow behaviour of conditioned soils shall be presented in the following. 

However, there is actually not much known about the rheological behaviour of 

particle/soil-foam mixtures and the application of rheometry so far is rare. COHEN-

ADDAD ET AL. (2007) investigated viscoelastic properties of particle-laden foams in 

amplitude sweep tests using a rheometer with both cone-plate and plate-plate 

measuring system. The contact surfaces were profiled in order to reduce slip effects. 

The testing mixture consisted of shaving foam (Gillette) and glass or carbon particles 

of varying volume fractions. Increasing contents of particles influence the rheological 

parameters but not the basic flow pattern up to a certain volumetric ratio. 

Based on the work of KARMAKAR & KUSHWAHA (2007), MENG ET AL. (2011) designed a 

pressure cell enabling rheological testing of conditioned sandy silts under 

backpressure. The pressure cell consists of a four-bladed vane, which is connected to 

and which is agitated by the motor drive (Figure 3-14). The material consisting of silt 

and sand, water, foam, and bentonite slurry is prepared in advance under ambient 

pressure conditions and then filled into the testing apparatus. After closing of the 

cell, a gasbag is inflated and thusly increasing the pressure within the device up to 

400 kPa for 10 minutes as pre-compression. After that, testing is performed at 

different constant turning speeds of the vane between ranging from approximately 

 

Figure 3-14: Cross sectional sketch of the shear vane apparatus of MENG ET AL. (2011) 
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0.03 to 0.3 rpm and at different confining pressure conditions of 0 to 400 kPa. Data 

conversion is performed according to the proposed model of DIN 4094-4 (2002-01) 

and the resulting, pressure dependent flow curves are approximated by the Bingham 

plastic model. 

MESSERKLINGER ET AL. (2011) developed a similar shear vane apparatus. It was applied 

for the analysis of the effect of conditioning agents on the shearing behaviour of clays 

under realistic confining pressure conditions (Figure 3-15). Although they focus in 

their research on clays, their experience from testing with foams most probably is 

beneficial to this study. Generally, the advantage of vanes is that no slip effects can 

occur within the interfacial shear zone between testing material and vane. Especially 

the use of foam increases the danger of slip effects even more. The surfactants within 

the foam reduce the interfacial tension. In addition, MESSERKLINGER ET AL. (2011) used a 

rectangular sample container reducing the risk of slip between the testing material 

and the container wall, too. The vane is turned at constant angular speed and the 

resistant torque is measured. Data conversion into rheological parameters is just 

done for the measured torque based on the model presented in DIN 4094-4 (2002-

01), see also chapter 3.1.3.2. Thus, the shear stress behaviour over the degree of 

vane rotation could be determined. One key interest to study was the development 

of shear strength in dependence of the injected volume of conditioning agent and the 

influence of backpressure on the results. They found out, that the shear strength 

 

Figure 3-15: Photograph (left) and 3d cross section of the shear vane apparatus of 

MESSERKLINGER ET AL. (2011) 
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decreases with increasing FIR and increases with increasing backpressure. Data fitting 

of flow curves as described above was not part of the study but a following work of 

ZUMSTEG ET AL. (2012) later fitted data of conditioned clays obtained with the modified 

shear vane apparatus with a Herschel-Bulkley model.  

VENNEKÖTTER (2012) investigated the pumping behaviour of foam-conditioned sands in 

the context of microtunnelling. He developed a model, realistically picturing the 

pressure gradient in the pumping line, which he verified in large-scale pumping 

experiments. Therefore, it was necessary to determine in advance also rheological 

properties (viscosity, yield stress) that were part of the analytical approach. The 

parameters were derived from flow curve tests performed with the rotational 

viscometer Schleibinger Viskomat NT. This device is usually applied for the rheological 

investigation of mortars or cement limes in concrete engineering. The shearing 

geometry was a six-bladed vane, which was accelerated constantly from 0 to 30 rpm 

and back to 0 rpm (“hysteresis linear ramp”). The system design was a compromise of 

the recommended radii ratios for homogeneous concentric cylinder rheometry and 

the recommended minimum gap width depending on the maximum grain-size, 

compare DIN 53019-1 (2008-09). Data conversion into rheological parameters (shear 

rate, shear stress) was based on coupling the Reiner-Rivlin equation for Couette flow 

in the vertical shear gap with a description of the flow in the bottom shear gap as 

concentrically rotating circular plates according to GIESEKUS (1994). A priori, a 

Bingham fluid was assumed. Applying the method of equating the coefficients, the 

conversion factors for the rotational speed and the measured torque were 

determined. Regression analysis was conducted for recorded pair values above a 

rotational speed of 2 rpm. It is assumed that in this range, laminar flow conditions 

were achieved and the threshold of yielding was overcome. The residual converted 

data samples from the experiments showed a Bingham plastic flow behaviour, which 

complies with the pre-defined model assumptions. 

The use of standardised soil mechanical test methods in order to characterise the EPB 

material as mentioned before (chapter 3.2.2) has yet not become common practice. 

Shear box tests (direct shear tests), oedometer tests and vane shear tests have been 

applied to a limited extent for the analysis of the shearing behaviour of conditioned 

soil samples most notably by BEZUIJEN ET AL. (1999), BUDACH (2012), PEÑA DUARTE (2007), 

PSOMAS (2001), WU & QU (2009), cf. chapter 2.4.2. It was observed that the shear 
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strength is generally significantly reduced by foam conditioning. These observations 

comply with the findings from rheometric testing, see MENG ET AL. (2011), 

MESSERKLINGER ET AL. (2011). In addition, triaxial tests were conducted on conditioned 

sands but neither with any detailed description of the methodical approach nor with 

any information on the influence of the conditioning agent on the soil properties, see 

SHANGGUAN ET AL. (2010). 

In a project-related study, MERRITT ET AL. (2015) associated the vane shear strength to 

slump measures. Shear strength values of 1 to 5 kPa corresponded to slump 

measures of 10 to 20 cm. 

3.2.4 Rheology of cementitious materials 

The rheology of cementitious materials is a wide field of research, which is too large 

to mention in its single branching here. However, selected scopes of research shall be 

introduced because of similarities in the material properties and of course, because 

of the standardised methods in concrete engineering, which are already applied on 

soil-foam mixtures, compare chapters 2.4.2 and 3.2.3. 

Extensive works of FERRARIS (1996), FERRARIS & DE LARRARD (1998), deal with the 

rheological analysis of concretes and cement pastes. FERRARIS (1996) discusses 

different approaches determining rheological parameters of cement pastes, mortars 

and concretes. She explains the advantages and disadvantages of index tests and the 

application of rheometers based on the various existent definitions for the flow 

behaviour of the cementitious materials. As in EPB technology, the terms for the 

material flow are indefinably and similarly used in concrete engineering, too; i.e. the 

workability, consistency and plasticity. Nevertheless, the description of the flow can 

be either qualitative or quantitative empirical or quantitative fundamental, see 

TATTERSALL (1976). Furthermore, the experimental approaches to determine 

quantitative parameters can be distinguished in single point tests (determining single 

values) and two point tests (determining two related values). 

Thereof, the slump test represents one of the most commonly used one-factor tests 

(index tests), which furthermore has been applied widely in EPB research. It is a 

standard measure to evaluate the workability of fresh concrete and it is regulated in 

DIN EN 12350-2 (2009-08). The slump value determines the slump class according to 
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DIN EN 206 (2014-07), which ranges from C1 to C5 and classes the workability of the 

material. Since slumping is induced by the dead weight, the material starts to flow, 

when its dead weight is sufficiently high to overcome the yield stress. Slumping 

terminates again, when the loading per area is below the yield stress. Many 

researchers developed empirical dependencies between rheological parameters and 

slump values, see chapter 3.3. The slumping principle is demonstrated in Figure 3-16. 

 

Figure 3-16: Principle of the slump test according to DIN EN 12350-2 (2009-08); taken from 

CLAYTON ET AL. (2003) 

In contrast to the large application of index tests, BANFILL (2006) summarises the 

inadequacy of single-point tests for absolute evaluation of rheological behaviour 

picturing the complexity of the flow and material conditions. He underlines the 

necessity for fundamental rheological testing. Tests determining rheological 

information of fresh concrete and mortar are performed with rheometers or 

measuring systems of different types (see chapter 3.1.3.2). Pioneering work has been 

carried out by Tattersall, who developed the Two-point Apparatus, a four-bladed or 

H-shaped impeller rotating in a sample bowl, for rheological testing of concretes (see 

TATTERSALL (1991)). Upgrades of this device are the IBB Rheometer (BEAUPRÉ (1994)) 

and the BML Viscometer (WALLEVIK & GJORV (1990)). The latter one resembles a 

Couette measuring system with ripped coaxial cylinders. Another established device 

is the BTRHEOM parallel plate rheometer for fresh concrete with a maximum 

particle-size of 25 mm of DE LARRARD ET AL. (1997). A first large-scale rheometry 

approach has been conducted by COUSSOT & PIAU (1995). They developed a concentric 

cylinder rheometer for about 500 L of concrete (Large-scale Coaxial Cylinder 

Rheometer). The outer cylinder wall was equipped with blades, while the inner 
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cylinder consisted of a roughened surface. It was originally designed for mudflow 

investigations. 

Comparative testing of all instruments (devices shown in Figure 3-17 and Figure 3-18) 

determined similar flow patterns of the same testing materials, although different 

ranks of rheological data were obtained, see BROWER & FERRARIS (2003), FERRARIS & 

BROWER (2001), FERRARIS & BROWER (2004). These differences may be addressed to 

several influences, most probable slip and sedimentation effects, secondary flow 

  

Figure 3-17: left: Two-point workability test equipped with interrupted-helix impeller 

(TATTERSALL (1991)), right: BML Viscometer (WALLEVIK & GJORV (1990)) 

              

Figure 3-18: left: BTRHEOM (DE LARRARD ET AL. (1997)), right: Large-scale Coaxial Cylinders 

Rheometer (COUSSOT & PIAU (1995)) 
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effects, and different generations of the shear flow field. However, partially 

significant correlations between the apparatuses could be found. 

THIENERT (2011) investigated different compositions of annular gap grout for 

tunnelling. In order to evaluate the effect of stabilisers on the mortars, the cement 

pastes were rheologically examined. Therefore, he used a Searle type rheometer 

(Haake Stress 600) with profiled container walls and a lime paddle as rotor (Figure 

3-19) and performed amplitude sweep tests. From these tests, he derived the storage 

and loss moduli. A conversion of raw data into rheological parameters did not take 

place due to inhomogeneous shear field conditions. 

 

Figure 3-19: Profiled sample container and lime paddle (THIENERT (2011)) 

MÜLLER ET AL. (1999), TYRACH (2000) applied a different measuring system, the ball 

measuring system as described in detail in chapter 3.1.3. They applied this method 

for cementitious plasterings. Possible boundary effects (container restraints, surface 

slip, particle settling etc.) were discussed very basically, if at all. Curve fitting of test 

results was not conducted with established approximation models but with a fifth 

order polynomial function. Different investigations were compared by an integration 

parameter describing the area underneath the polynomial distribution. 

BLASK (2002) studied the influence of plasticisers on the rheology of various types of 

cementitious materials, such as mortars, plasters or adhesives for tiles. For the 

determination of rheological parameters, he applied different measuring techniques 

(shear rate- and strain rate-controlled flow curves, oscillatory tests) using both the 

ball measuring system and the coaxial cylinder system. The shear stress results of 

cylinder measurements appeared significantly less compared to the ball measuring 
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system. BLASK (2002) related this phenomenon to wall slip effects in the cylinder 

configuration. Furthermore, he compared the results to several standardised index 

tests. 

LOWKE (2013) focuses in his work on stability properties of self-compacting concretes 

on different scales in order to analyse and improve the material robustness. Most 

notably, the sedimentation behaviour – particularly the particle interactions – and its 

influence on the structural mechanics were of interest for him. Besides theoretical 

and experimental assessments of particle interdependencies and particle 

sedimentation, LOWKE (2013) analyses the rheology of the cement paste in a 

rheometer with ball configuration. The ball measuring system should simulate the 

dispersed aggregates in the cement paste and lead to information on the thixotropic 

behaviour (time-dependent shear stress development). Additionally, he determines 

the yield stress of the cement paste through the Haegermann slump tests (DIN EN 

1015-3 (2007-05)) and an empirical approach of ROUSSEL ET AL. (2005). 

Based on the previous works of BLASK (2002), SCHATZMANN (2005), TYRACH (2000), 

FLEISCHMANN (2013), FLEISCHMANN (2014) developed a large-scale ball measuring 

system for the investigation of rheological properties of self-compacting concrete in 

concrete mixers (Figure 3-20). Thusly, it shall be possible, to gain in-mixer information 

on the rheology of the concrete and based on these, to adjust the recipe during the 

production process. 

 

Figure 3-20: RheoCT: Prototype of a large-scale ball measuring system for rheological in-

mixer measurements (FLEISCHMANN (2013)) 
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Several researchers investigated the flow behaviour of cementitious materials not 

only in rheometers but also in pipes. Especially the pumping behaviour of concrete 

and mortars is yet a rather empirical issue of research. Recent studies assessing the 

pumping behaviour provide approaches enabling a quantification of the material-wall 

friction (wall slip effects). One of them is the Tube Viscometer for Concrete (TVC) 

according to ROSHAVELOV (2005), which reminds of a modified and large-scaled version 

of the V-funnel test or the Marsh cone test (Figure 3-21). The TVC is based on the 

principle of Bingham-fluid flow through a pipe. About 30 L of fresh fluid concrete is 

inserted into the testing system and surcharged with weight discs on a piston 

determining the shear load. The piston displacement is recorded, while it is pushing 

the material through the vertical pipe at constant load. Considering the Buckingham-

Reiner equation, which describes the pipe flow of a Bingham plastic fluid (GIESEKUS 

(1994)), the shear rate can be calculated. After the passage of the pipe, the material 

falls into a cylindrical container. This container represents a cylindrical slump test. 

Lifting the cylinder enables a yield stress estimation in dependence of the material 

spread similar to other approaches (e.g. PASHIAS ET AL. (1996), see above). Different 

load conditions in repeated experiments lead to further shear conditions and thus to 

additional flow curve points. 

Enhancing the idea of ROSHAVELOV (2005), KASTEN (2010) developed the Sliding Pipe 

Rheometer (“SLIPER”; Figure 3-21) enabling a determination of flow properties of 

high-consistency substances in pipes. One of his main motivations was a 

consideration of the pressure gradients occurring during pumping of the fresh 

concrete. Based on the model assumption of plug flow, he setups a pressure 

calculation for Bingham fluids in pipes, wherein two parameters (a and b) represent 

equivalent parameters of yield stress and plastic viscosity. These parameters can be 

determined using the Sliding Pipe Rheometer. In addition, also the slip condition can 

be evaluated using the SLIPER, see MECHTCHERINE ET AL. (2014). 

At last, BUCHENAU & HILLEMEIER (2005) reported of an application of a Falling Sphere 

Viscometer for self-compacting concrete. They adopted the method for this type of 

materials and developed a test stand, which was of increase dimensions due to the 

particle-sizes (dSphere = 9 cm, VContainer ≈ 8 L). A ball is released into the sample medium 

and the sinking process is recorded (distance-velocity distribution). From the 

measured data, flow curves can be processed. 
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3.2.5 Numerical assessments of granular flows 

Aiming at a numerical simulation of the flow behaviour of the column failure tests of 

LUBE ET AL. (2005), see chapter 3.2.2, BANDARA (2009) applied different methods from 

computational mechanics. One was the material point method (MPM) and the other 

the smooth particle hydrodynamics (SPH). The MPM is a finite element method-

based particle method in computational mechanics. The advantage of this method is 

that single particles can be traced in the simulation without re-meshing. The SPH 

method represents a computational Lagrangian mesh-free method commonly 

applied in fluid dynamics. Each particle owns distinct properties with influence on the 

flow conditions. BANDARA (2009) finally found the MPM less computationally 

expensive than the SPH for granular problems and the shape functions were more 

consistent. 

ROUSSEL & COUSSOT (2005) did an analysis of results from single point tests (slump test) 

and two point tests (rheometer, HAAKE ViskoTester 550 with vane geometry) on 

cementitious or mineral-based pastes and suspensions in comparison to a numerical 

simulation (commercial software Flow3D) of these materials (Figure 3-22). They 

found a good correlation between the yield stress-slump distribution from the 

experimental data and the numerical analysis (Figure 3-23). 

  

Figure 3-21: left: Tube Viscometer for Concrete (ROSHAVELOV (2005)); right: Sliding Pipe 

Rheometer (MECHTCHERINE ET AL. (2014)) 
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Figure 3-22: 3d-simulation of slump test: material density=2.5 kg/m³ (both), different 

yield stresses (left: 2,600 Pa, right: 2,000 Pa) (ROUSSEL & COUSSOT (2005)) 

 

Figure 3-23: Comparison of experimental, analytical and numerical yield stress - slump 

distributions (ROUSSEL & COUSSOT (2005)) 

The simulation of such flow experiments with conditioned soils has been undertaken 

numerically already by few researchers. WU & QU (2009) performed a discrete 

element analysis (DEM) on foam-conditioned sands simulating slump tests and 

shearbox tests. Other related numerical works are still in the development, e.g. 

THEWES & STEEB (2014). Therein, the flow behaviour of conditioned soils in rheological 

experiments shall be simulated using the SPH method based on works as e.g. by 

SIVANESAPILLAI ET AL. (2014). 

Besides the presented examples, additional details on numerical investigations of 

granular flow could be taken from the pertinent technical literature but it is not 

introduced any further here. 
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3.3 Correlation of slump tests and rheometrically determined 

parameters 

Since most index tests are cheap and feature the ease of on-site conduction and 

comparative evaluation within a short time, their application will maintain popular 

throughout engineering practice. In order to describe the physics behind the 

occurring phenomena in these tests, many researchers aimed at establishing a link 

between index tests and rheology. Several assessments have been raised to find a 

correlation between slump tests and rheometry, most notably in concrete 

engineering. Either the different concretes were investigated using a rheometer and 

the obtained rheological values (yield stress, viscosity) were correlated with the 

slump / spread, or the slumping process was evaluated over time and it was derived a 

rheological relationship. This methodology was later also applied for suspensions and 

other materials. Some significant researches are presented in the following. 

MURATA (1984) initiated the research of deriving rheological parameters from the 

slump test based on a simple equilibrium consideration. The material in a slump cone 

of the total height in the initial state H experiences a non-linear shear stress 

distribution due to its dead weight (Figure 3-24). If the shear stress is sufficient large 

to overcome the material’s yield stress, it is responsible for vertical mobilisation, 

when the cone is lifted. Idealising the slump figure as body composed of horizontal 

slices, the single lamellae are squeezed in thickness and thus – assuming 

incompressibility – tend to elongate horizontally. The slump process terminates when 

an equilibrium state is achieved. The result is a rotationally symmetric slump body, 

which can be reduced to a two-dimensional flow phenomenon. The slumped material 

consists of a deformed and an undeformed shape part, which by MURATA (1984) was 

described through the slump value SL and the height of the undeformed shape h0, see 

Figure 3-24. In equilibrium state, the deformed part has reached a uniform shear 

stress distribution equal to the yield stress value (τy = τ0). The material remains 

undeformed in the region of 0 < z < h0, since the vertical stress was not sufficient to 

overcome the yield stress (τy ≤ τ0). Integration of the stress behaviours over all 

lamellae makes a geometry-dependent calculation of the yield stress possible. 
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Figure 3-24: Description of the deformation behaviour of a slump sample (MURATA (1984)) 

The friction between material and bottom plate is taken into account in a simplified 

manner as it is equated to the yield stress (MURATA (1984)), whereas “perfect slip” 

(CLAYTON ET AL. (2003)) is assumed to act between material and mould surface. The 

stress distribution after completion of the slump process is visualised in Figure 3-25. 

 

Figure 3-25: Shear stress distribution within the slumped material (SCHOWALTER & 

CHRISTENSEN (1998)) 

Similar approaches have been made for example by PASHIAS ET AL. (1996), who 

transferred the approach of MURATA (1984) to cylindrical slump mould shapes and 

mineral suspensions. Yield stress measurements from vane shear tests corresponded 

quite well with the analytical approach. SCHOWALTER & CHRISTENSEN (1998) determined 

some little integration error in the work of MURATA (1984), but still found a good 

correlation of the approach in general with measurements obtained in testing. 

Furthermore, they stated, “the potential for characterization of fresh concrete or 

other rheologically complex materials goes far beyond the simple measurement of 

slump height. The profile of the final mound of material as well as the dynamics by 



 3. Approaches in non-Newtonian, granular fluid rheology 67 

 

which the final shape is attained are governed by the rheology. Finite element 

solutions of the free boundary problem should allow a richer interpretation of the 

slump test than has been possible heretofore.” (SCHOWALTER & CHRISTENSEN (1998)). 

Results from their own FE simulations however showed deviations in the same range 

of the simplified analytical approach. 

CLAYTON ET AL. (2003) and SAAK ET AL. (2004) propose two generalised cone theories 

allowing for a consideration of varying geometrical proportions. Thereof, CLAYTON ET 

AL. (2003) conducted comparative slump experiments on mineral suspensions with 

both cylindrical and cony moulds and applied their generalised cone theory and the 

cylinder approach of PASHIAS ET AL. (1996). Comparing the yield stress results from 

vane tests with the analytical models, better agreement was found for the cylinder 

test as for the cone tests. Therefore, CLAYTON ET AL. (2003) recommend to apply the 

cylinder slump test as standard test in practice. SAAK ET AL. (2004) compared the 

results of their theory with experimental data obtained from slump tests on cement 

pastes and with yield stresses determined in a rheometer with vane measuring 

system. They also found the results from cylindrical slump tests correlating better 

than the results from slump cone testing. Both research groups imply that one reason 

for the divergence might reside in rather big slump spreads. 

ROUSSEL ET AL. (2005), ROUSSEL & COUSSOT (2005) took on this aspect and explained the 

explored discrepancies by the presence of two possible flow regimes: one that is 

determined by a large height-diameter ratio (small slump values), and the other that 

is determined by a large diameter-height ratio (large slump values). In other words, 

they state that materials with a small slump value behave solid-like whereas large 

slump values refer to a more fluid-like behaviour. Furthermore, the selection of an 

adequate yield criterion would be crucial. According to ROUSSEL & COUSSOT (2005), the 

Tresca yield criterion is not passable to capture the flow pattern realistically. They 

recommend using the van Mises yield criterion. In addition, the initial height and the 

total volume have to be regarded, too. Thusly, they proposed two equations 

depending on the respective appearing flow behaviour (slump- or spread-determined 

flow). Verification of the approach was performed with measurements on different 

cement pastes using a coaxial cylinders rheometer. The data was fitted with the 

Herschel-Bulkley model, from which the yield stress was taken and compared to the 

analytically calculated yield stress. Additionally, ROUSSEL ET AL. (2005), ROUSSEL & 
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COUSSOT (2005) advised to account for surface tension effects that can affect the 

results, which depend on the contact angle between testing fluid and solid plane. 

PIAU (2005) pointed in a similar direction. He also supported that choosing an 

adequate approach for describing the flow characteristic in the slump test is based on 

the material characteristic (solid or fluid). Linked to this is the selection of the yield 

criterion. According to PIAU (2005), the yield criterion again depends on the failure 

mode in the experiment and cannot be covered generally by one stress hypothesis. 

For the solid-like behaving materials, he introduces an adjustable variable λ 

representing the yield criterion. Furthermore, PIAU (2005) derives several formulae 

for the different possible material and testing conditions.  

FLATT ET AL. (2006) incorporated the remarks of ROUSSEL ET AL. (2005), ROUSSEL & 

COUSSOT (2005) and applied the models proposed by MURATA (1984) and successors, 

and ROUSSEL ET AL. (2005), ROUSSEL & COUSSOT (2005) to own experimental data. Surface 

tension effects were also taken into account. They found out, that both approaches 

have a destined range of application. Between, it might be necessary to find an 

intermediate range model, which they did by best-fit interpolation. Furthermore, 

surface tension effects have to be considered for large spreads. 

PIERRE ET AL. (2013) focused on finding an adequate intermediate range model for 

cylindrical moulds by combining the approaches for slump and spread regime models 

as presented by ROUSSEL & COUSSOT (2005) and PASHIAS ET AL. (1996), which they 

applied successfully to self-obtained experimental data. However, the application still 

demands for an undeformed section of the slump body at the end of flowing. 

Further studies have been carried out by FERRARIS & DE LARRARD (1998). They modified 

a global relationship from literature that links the slump measure to the yield stress 

based on numerical investigations. 
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4. EXPERIMENTAL APPROACH 

Based on the presented works in the different areas of research, the flow behaviour 

shall be approached from two sides. In order to maintain a rather simple assessment 

of the flow behaviour, slump tests should still be considered as indicators of the 

workability. Therein, the shape of the material after slumping shall be analysed in 

more detail and the applicability of models for a rheological parameter identification 

as presented in chapter 3.3 shall be evaluated. Furthermore, rheological 

investigations using rotational rheometry shall be conducted. Therefore, a suitable 

testing procedure and a proper measuring device are necessary. Subsequently, the 

materials used in this study are introduced and the experimental approach is 

described in more detail. Furthermore, basic assumptions are made with respect to 

tunnelling narrowing the focus of this research. Thus, the placement of this work in 

the scientific context shall be pointed out. 

4.1 Multi-scale approach 

This research was performed within subproject A4 of the Collaborative Research 

Center 837 “Interaction models for mechanised tunnelling” at the Ruhr-Universität 

Bochum. Aim of this project is the development of a complex continuum-based 

multiphase flow model, which is realistically describing the support medium in the 

excavation chamber of an EPB shield under backpressure, see MESCHKE & KRUSCHWITZ 

(2009). A first step of this project was the material characterisation on different 

scales, dealing mainly with conditioned non-cohesive soils. Therefore, index 

laboratory tests were executed by BUDACH (2012) on various mixtures of sands and 

gravels using different conditioning agents. One key issue in the characterisation was 

also the workability. Moreover, the rheology of such materials was approached by 

ÖZARMUT ET AL. (2013), ÖZARMUT & STEEB (2015), THEWES & STEEB (2014) in small-scale 

experiments. In their works, they used a rheometer (Anton Paar MCR 301) with 

different configurations (plate-plate, cone-plate, cup-bob) to assess the flow 

behaviour of the supporting mix. Precise rheometry, considering very small shearing 
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gaps, limits the investigation of rather granular materials like the sandy or even 

gravelly support medium, which is why ÖZARMUT & STEEB (2015), THEWES & STEEB (2014) 

introduced as a first approach synthetic materials simulating the real material. The 

synthetic materials were shaving foam and (wetted) glass beads and mixtures of 

both. Main advantages of these materials were first the extraordinary long drainage 

durability of the shaving foam, cf. GALLI (2009), and second the inert and almost ideal-

shaped surface of the glass particles. Thusly, it was possible to determine a basic flow 

pattern, which could be described best by applying the Papanastasiou-Herschel-

Bulkley model. 

The transfer of the findings from the micro-scale investigations towards the real scale 

(realistic materials, realistic loading conditions) is here defined as multi-scale 

approach. Figure 4-1 illustrates this approach: precise rheometry on the micro-scale 

leads to substantiated results on the rheological properties but of synthetic materials; 

index tests and rheological investigations using more complex test configurations 

(e.g. geometries), which take certain restraints and inhomogeneous boundary 

conditions into account but however realistic materials, can be used for basically 

understanding the material behaviour. A comparison of the findings through the 

scales is achieved by an overlap of the materials. This means, that the synthetic 

materials, which are well understood on the small scale, are also investigated in the 

heterogeneous experiments on the large scale. Thus, the tests with realistic materials 

can be referenced qualitatively and perhaps quantitatively to the flow behaviour of 

the synthetic materials. 

The macro-scale investigations and the transfer of findings are main aspects of this 

study. They will be presented in the following chapters with varying emphasis (pre-

study / main study focus) for the heterogeneous experiments (cylindrical, vane and 

ball geometries; chapter 7) and for index tests ((modified) slump (flow) tests; 

chapter 6). 
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4.2 Assumptions 

Narrowing the large influences occurring in tunnelling, certain assumptions are made, 

which have to be clearly stated once, to demonstrate the restraints of this research. 

As mentioned before, only cohesionless soils within the extended range of EPB 

tunnelling according to BUDACH (2012) are considered here, that show a qualitatively 

good conditioning behaviour with just foam. Furthermore, the EPB advance is 

regarded below groundwater table, so that groundwater is present and thusly fully 

saturated ground conditions (saturation S = 1.0). No groundwater flows occur. All 

influences (loadings, streaming, mixing, advance etc.) take place in steady state 

conditions. 

The most important simplification is, that at this level of research, ambient pressures 

are assumed and backpressures, as they would exist in the excavation chamber as 

well as pressure gradients, are neglected. These conditions shall be part of future 

investigations and is now knowingly taken into account. 

4.3 Materials and quality control 

Since this research work focusses on foam conditioned non-cohesive soils, two 

cohesionless soils were selected as reference soils and one foam was chosen as 

reference foam. Results and findings gained with other materials are later related to 

the main materials. 

In the following, all the materials are introduced and their compositions and basic 

properties are described. Additionally, the preparations of some of the materials is 

presented as well as the accuracy in preparing them with respect to reproducibility. 

4.3.1 Soils 

The soils were selected based on the work of BUDACH (2012). He investigated the 

conditioning behaviour of a wide set of non-cohesive soils. The soils, which show a 

good conditioning behaviour with only foam, range from fine sand to fine gravelly 

sand. Therefrom, the poorly graded lower bound soil (fine sand; Soil 1) and a well-

graded “average” soil (sand; Soil 2) were chosen for the present investigation. The 

grain-size distribution curves of the reference soils are shown in Figure 4-2. 
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The soils were composed manually by special dry laboratory quartz sands (Euroquarz 

Siligran, see EUROQUARZ GMBH (2015) for details) with well-determined grain-size 

distributions and deviations supporting a high level in reproducibility. The fine sand 

(Soil 1) consists of only one soil fraction (0.063 – 0.250 mm), whereas the sand (Soil 2) 

is composed of four evenly distributed soil fractions (0.063 – 0.250, 0.2 – 0.6, 0.5 – 

1.0, 1.0 – 2.0 mm). 

4.3.2 Foam 

The foam was produced with two laboratory foam generators according to FREIMANN 

(2012) and GALLI (2009), which both were calibrated to a realistic foam generator on 

EPB shields, such as in THEWES & BUDACH (2010b). The target FER was set to 15 in all 

experiments. The production rate was 26.25 l/min for foam generator 1 (“TLB Mini 

Foam Generator”; Figure 4-3 left) and 60 l/min for foam generator 2 (“TLB Laboratory 

Foam Generator”; Figure 4-3 right). The surfactant used was Condat CLB F5/TM, 

which is recommended to use predominantly in highly permeable sands, in a 

concentration of 3.0%, see CONDAT LUBRIFIANTS (2015). The production parameters 

are summarised in Table 4-1. 

 

Figure 4-2: Grain-size distribution curves of the main soils used in the investigations: 

Soil 1 (green) and Soil 2 (orange) 
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Figure 4-3: Foam generator 1 (“TLB mini foam generator”; left), Foam generator 2 (“TLB 

Laboratory Foam Generator”; equipped on real-scale foam generator) 

(THEWES & BUDACH (2010b)) 

Assuring a limited deviation in the actual foam quality, immediately after foam 

production the foaming behaviour – i.e. the foam density and the actual FER – was 

evaluated prior each test. Experience shows, that using foam generator 1 with the 

presented targeted values, the actual FER ranges between 13.0 and 15.0, and using 

foam generator 2 the actual FER lies between 14.0 and 16.0. If the actual FER was 

within this defined range, the foam was used for testing; otherwise, the foam 

production had to be adjusted. 

The foam is expected to exhibit a drainage behaviour characterised by a half-life time 

ranging between approximately 10 and 15 minutes and to possess maximum cell-

sizes of 0.2 to 0.6 mm within this time, compare BUDACH (2012), FREIMANN (2012), 

GALLI (2009). 
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Table 4-1: Targeted foam production parameters 

 Property Value / Type 

Foaming liquid Surfactant Condat CLB F5/TM 

 Solution cf 3.0% 

Foam Target FER 15 

 Flowrate foam QF 26.25 l/min and 60.0 l/min 

 Flowrate liquid QL 1.75 l/min and 4.0 l/min 

 Flowrate air QA 24.5 l/min and 56.0 l/min 

Foam generator 1 Design “TLB Mini Foam Generator” with filled 

foam gun 

 Bluff body Glass pearls (d=5mm) 

 Flowmeters Rotameters (by Krohne) 

 Flow regulation manually 

 Supplying pressure 

air/liquid 

4 bars 

Foam generator 2 Design “TLB Laboratory Foam Generator” for 

reduced flow rates with filled foam gun 

 Bluff body Glass pearls (d=5mm) 

 Flowmeters Electromagnetic and thermal mass 

flowmeters (by Endress+Hauser) 

 Flow regulation manually 

 Supplying pressure 

air/liquid 

5 bars 
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4.3.3 Soil-foam mixtures 

The preparation of the foam conditioned soil samples followed a strict procedure 

with temporal restrictions. Foam exhibits time-dependent properties, especially its 

drainage behaviour influences the stability and thusly the lifetime. Therefore, a 

precise production procedure was necessary in order to warrant comparable ages of 

the foam and of the mix of foam and soil respectively. This procedure is 

demonstrated in Table 4-2 as well as remarks on the accuracy of measuring the 

amount of the different ingredients to add. 

Water is added to the soil, which was composed in advance as described in chapter 

4.3.1, in dependence of the required water content w [wt%] (Eq. 4.1). Approaches of 

realistic water contents are going to be discussed in chapter 5. 

w =
mW

mS,dry
∙ 100 [wt%] Eq. 4.1 

with mW the mass of water [kg] and mS,dry the mass of dry soil [kg]. 

After its production, the FIR-dependent amount of foam mF is poured manually to the 

moistened soil according to BUDACH (2012) using Eq. 4.2 and following the 

descriptions in chapter 4.3.2 and Table 4-2. 

mF =
ρW

ρS,wet
∙

FIR

FERactual
∙ (mS,dry +mW) [kg] Eq. 4.2 

with ρW the density of water (simplified for foaming liquid) [kg/m³], ρS,wet the density 

of wetted soil [kg/m³], FIR the foam injection ratio [vol%], and FERactual the actual 

foam expansion ratio [-]. 

The use of a concrete bowl mixer has been found suitable in other studies; see e.g. 

BUDACH (2012), MERRITT (2004), PEILA ET AL. (2011), VENNEKÖTTER (2012). However, small 

amounts of conditioned soils should be mixed by hand because the efficiency of 

mixing in a bowl mixer would be too low and the loss of material too high. Mixtures 

containing more than 3 kg of soil are suitable for mixing in a concrete mixer. The 

mixing time is limited to one minute in order to prevent probable re-foaming effects 

due to the introduction of mixing energy. Thusly, the actual FER within the mix is 

changed and furthermore the density of the mixture is influenced, too. 
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Table 4-2: Procedure for production of soil-foam mixtures and test preparations 

including remarks regarding the measuring accuracy 

Step no. Time Duration Task Accuracy 

I --- --- Test preparations  

II --- --- Compose soil according to recipe 
±1.0 wt%, 

max. ±1.0 g 

III --- 01:00 Mix soil until homogenised  

IV --- --- 
Measure water in dependence of 

water content w 

±1.0 wt%, 

max. ±1.0 g 

V --- 01:00 
Mixing of water and soil until 

homogenised 
 

1 00:00 03:30 

Foam production and sampling, 

determination of actual FER and 

measuring FIR-dependent amount 

of foam for the mixture 

±10.0 wt%, 

max. ±1.0 g 

2 03:30 01:00 

Mixing of foam and wetted soil until 

homogenized; small samples (< 3 

kg) by hand, large samples (3 – 24 

kg) with concrete bowl mixer 

 

3 04:30 04:00 

Preparation of testing sample(s); 

further test preparations, if 

necessary 

 

4 08:30 --- Start of testing  
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4.3.4 Further materials 

For calibration issues of the rheometers, further materials are used. Additionally, 

other materials should be tested on the different scales providing information about 

the transfer of findings using different rheological test methods. Therefore, the 

following materials were also investigated: 

1. Silicon oil 

Silicon oil represents a Newtonian fluid with constant viscosity. They are widely 

applied in fluid rheology for the calibrations of rheometers. Silicon oils are available 

with different viscosities at different temperatures. Testing a silicon oil with a certain 

measuring profile under constant temperature conditions, the resulting viscosity 

should comply with the given viscosity. Deviations are allowed within a 

manufacturer’s defined range. The silicon oil, which was chosen for this research, is 

the BROOKFIELD Viscosity Standard 1000 calibration oil. It exhibits a viscosity of 

990 mPa∙s at a temperature of 25°C considering a precision of ±1.0%; see BROOKFIELD 

ENGINEERING LABORATORIES VERTRIEBS GMBH (2015) for further details. 

2. Bentonite slurry 

Bentonite slurries consist of clay particles suspended in water. Often, they exhibit the 

feature of swelling, which is why they are commonly applied in geotechnical 

engineering as transport, lubricating or supporting fluid. Many rheological 

investigations have been performed on bentonite slurries determining the flow 

behaviour and adequate flow models. Most often, bentonite slurries are described in 

a simplified manner by the Bingham model. Other researchers found good 

correlations with more sophisticated models, such as the Herschel-Bulkley model. 

However, both models represent a non-Newtonian fluid type. By applying both fluids, 

silicon oil and bentonite slurry, a holistic calibration of the rheometers for Newtonian 

and non-Newtonian fluids is possible. 

The bentonite slurry used in this study consists of sodium bentonite type “W” 

(Wyoming Bentonite; see PHRIKOLAT DRILLING SPECIALTIES GMBH (2015)), concentrated in 

water by 25 g/l (csusp = 2.5 vol%). The bentonite powder is poured to the water while 

mixed with a coaxial dissolver mixer at 1,500 rpm. Mixing is processed for ten 

minutes. After that, the mixture undergoes a swelling phase at rest for 24 hours in a 
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sealed container before it is mixed again for another ten minutes in the dissolver 

mixer at 1,500 rpm. 

3. Glass beads 

As described in chapter 4.1, the multi-scale approach is based on realistic and 

synthetic materials. The synthetic EPB mixtures are composed of (wetted) glass beads 

and shaving foam. The glass beads used are 3MTM Glass Bubbles K1, which are hollow 

and have a mean diameter of 64.5 µm, or SiLibeads Glass beads Type S, which are 

solid and exhibit a mean diameter of 48.5 µm. In geotechnical terms, both their 

particle-size distributions can be compared to a silt, but in contrast to minerals, they 

are fully inert and of round shape. For further details on their characterisation, see 

3M (2015), ÖZARMUT ET AL. (2013), SIGMUND LINDNER GMBH (2012). 

Mixes of glass beads, water and foam are only generated in very small amounts (max. 

0.5 L) because especially the glass beads are very cost expensive. Mixing is performed 

by hand, but otherwise analogously to Table 4-2. 

4. Gillette shaving foam 

In order to neglect short-term time-effects in the micro-scale experiments and to 

generate a particle-foam mixture with almost monodisperse particles and cells, 

shaving foam is used. The cell-size distribution was found Gaussian for the shaving 

foam, which was selected here, cf. ÖZARMUT ET AL. (2013). The mean cell-diameter 

corresponds approximately to the mean particle-diameter of the glass beads. This 

type of foam has been used not only for foam analyses in other research (cf. chapter 

3.2.1), but also for rheological investigations. This is a fundamental advantage for the 

scientific comparison of results. 
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5. EXCURSUS: ASSESSMENT OF THE 

RESIDUAL WATER CONTENT OF 

EXCAVATED SOIL IN EPB 

TUNNELLING 

The amount of moisture of the excavated soil in EPB tunnelling steers the demand for 

additional treatments of the material in the excavation chamber. All the main process 

parameters (conditioning, wear, support pressure etc.) are affected by the water 

content. With respect to foam conditioning, this means that the less water enters the 

chamber the drier the actual mix of soil and foam at constant foam properties. 

Especially in cohesionless soils below groundwater-table, the magnitude of free pore 

water is quite high. Ground decompaction resulting from the cutting process, the 

acting pressure state and the usage of conditioning agents can cause a displacement 

of water from the pore space at the face. Thus, only a residual moisture content is 

present, when the soil is entering the chamber. The question of how much water 

enters the excavation chamber has not been answered satisfactorily, yet. 

In order to simulate the material conditions in the excavation chamber of an EPB 

shield in laboratory experiments, it is necessary to assess the initial water content of 

the test soils realistically. Earlier studies on soil conditioning dealt with the initial 

water content, too. BUDACH (2012) derived the required amount of water to be added 

to the dry soils, which he used in his experiments, from the retention porosity for 

sands. He globally applied a water content of 10 wt% for all investigated cohesionless 

soils. VENNEKÖTTER (2012) determined the water content for his investigations of 

conditioned silty sands from the maximum Proctor density. The resulting water 

contents were 8.3 wt% and 7.2 wt%. BORIO ET AL. (2009), PEILA ET AL. (2009), PEÑA 

DUARTE (2007) varied the initial water content showing its influence on the 
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conditioning behaviour but did not explicitly determine a residual water content for 

particular soils. 

Based on observations on the pore fluid behaviour during hydro-shield tunnelling, 

BEZUIJEN ET AL. (1999), BEZUIJEN & SCHAMINÉE (2001) investigated fluid infiltration 

processes at the face more closely and their influence on the pore water ahead of the 

machine, when tunnelling with EPB shields. Therefore, they simulated the drilling 

process in sands experimentally considering foam conditioning through a small-scale 

cutter head. Although a determination of the residual water content was not a 

primary purpose of their study, the analysis of the void water behaviour during 

tunnelling provided the oppotunity for a derivation of the remaining moist volume. 

Therefore, BEZUIJEN (2002) established an interaction between the groundwater 

expulsion and the foam injection. He defined an expel rate of pore water based on a 

three-dimensional flow situation in porous media and thus, he could provide 

information on the residual water content entering the excavation chamber. 

A more simplified approach by MAIDL (1995) focuses on the penetration behaviour of 

foam into coarse soil. Under a constant pressure head, foam was forced to infiltrate 

into saturated soils and the long-term penetration rate was analysed in order to gain 

information on the foam stability within the grain skeleton and the foam rheology. 

Both approaches enable a measurement of water expulsion from the void matrix. 

Details and findings from the studies will be presented in the following chapter. It will 

be discussed, whether the approaches can lead to information on the residual water 

content and how it can be assessed. 

5.1 Assessments on fluid flows at the tunnel face 

Dealing with the flow mechanisms occurring at the tunnel face, one has to 

contemplate fluid dynamics in porous media. In many engineering applications, the 

knowledge of the particular hydrogeological situation is essential preventing 

groundwater influx or hydraulic failure. An elementary description of ground water 

flow through aquifer strata is governed by the law of Darcy, which incorporates the 

characteristic fluid and soil properties. The flow through the soil is induced by the 

piezometric head (Δh = h1 - h2) across the regarded aquifer length L, which is also 

defined as the hydraulic gradient. It includes the pressure and energy states of the 
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fluid. The loss in energy is due to friction, which the fluid is exposed to during the 

passage through the soil (BEAR (1988)). 

Regarding the fluid flows at the face, two assessments have been executed to 

investigate the foam-groundwater interaction in cohesionless soils during tunnelling 

with EPB shields. 

5.1.1 Analytical approach by Bezuijen 

According to BEZUIJEN (2002), in permeable conditions, the overpressure in the 

excavation chamber regarding the in-situ pore water will result in a displacement of 

the pore fluid and in a replacement by foam. Consequently, groundwater flow is 

initiated away from the tunnel face. That way, the amount of moisture in the 

excavated soil is reduced compared to the natural soil moisture state. The less 

permeable the ground, the less pore water is expelled. 

BEZUIJEN (2002) assumes the specific discharge at the tunnel face to be uniformly 

distributed over the excavation area considering quasi-static conditions. At any 

location x ahead of the tunnel face on the tunnel axis, the discharge qx in direction of 

advance can be determined using Eq. 5.1, when the soil permeability kf [m/s], the 

tunnel radius RT [m] and the change in piezometric head Φ [m] are known and when 

the soil is saturated. Φ is defined by Eq. 5.2, wherein Φ0 [m] can be approximated by 

the pressure head acting at the tunnel face. The subsequent equations were taken 

from BEZUIJEN (2002). 

qx =
ϕ∙kf

√x2+RT
2−x

 [m/s] Eq. 5.1 

ϕ = ϕ0 ∙ (√1 + (
x

RT
)
2

−
x

RT
) [m] Eq. 5.2 

Validation of the flow formulation ahead of the face was performed on field data 

from the Botlek Rail Tunnel in the Netherlands, see BEZUIJEN (2002). With x = 0 m, the 

gradient at the tunnel face is calculated. In turn, the specific discharge of expelled 

pore water q0 [m/s] is received (Eq. 5.3). 

q0 =
ϕ0∙kf

RT
 [m/s] Eq. 5.3 
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By foam injection, the porosity of the excavated soil should be increased to reduce 

grain-to-grain stresses, which for instants directly affects the potential for wear or the 

required driving torque. Hence, the actual porosity of the mix in the excavation 

chamber, nm [-], is bigger than the void ratio in the soil’s natural state, np [-]. In 

saturated conditions, when the groundwater flow rate at the face q0 is slower than 

the cutting speed vadv [m/s] of the machine, the residual pore water content θresidual 

[vol%] is reduced from np (fully saturated pore volume) to a residual liquid content 

composed of the residual pore water and the injected liquid foam phase (Eq. 5.4). If 

the expulsion rate is greater than the advance speed of the TBM, all pore water is 

suppressed and replaced by foam. 

θresidual =

{
 

 (np −
q0

vadv
+

FIR

100∙FER
) ∙ 100,

q0

vadv
< np

FIR

FER
,

q0

vadv
≥ np

 [vol%] Eq. 5.4 

BEZUIJEN (2012) relates the water content in the excavation chamber to the actual 

foam properties instead to the soil by introducing a FERm-value. This parameter is 

defined as the regular FER (volume of foam divided by volume of foaming liquid) but 

now considering also the incoming residual pore water. Therefore, the present FERm 

within the muck is much less compared to the design value – if not all pore water is 

expelled. Regarding other material parameters within the excavation chamber (e.g. 

hydraulic conductivity, density, shear strength; see chapter 2.4.2), the additional 

water has also to be taken into account because it may significantly influence the 

properties (BEZUIJEN (2013)). 

Model experiments by BEZUIJEN & SCHAMINÉE (2001) aimed at a simulation of the EPB 

drilling process. Foam penetration or even a penetration of conditioned soil into the 

tunnel face throughout the course of advancement were not observed. During 

standstill, little penetration was determined. Main factors of influence limiting the 

foam penetration were the low permeabilities of the sands and the pressure 

gradients. Hence, the excess pore water pressures and the corresponding 

groundwater flow at the tunnel face as proposed by BEZUIJEN (2002) do not result 

from penetration of foam into the face but from expulsion of void water when being 

conditioned while entering the chamber. 
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5.1.2 Experimental approach by Maidl 

Aware of the fact that the tunnel face is not covered solely by foam, MAIDL (1995) 

simplified the situation at the tunnelling front and assumed sufficient excess pressure 

making the foam penetrate into the ground. In order to investigate this phenomenon, 

MAIDL (1995) performed foam penetration tests on two non-cohesive soils: a sand 

and a gravelly sand. For the studies, he used a test stand consisting of two 

communicating cylinders (Figure 5-1). The soil is inserted and compacted in cylinder 1 

before it is saturated. The water balance in both cylinders is the same. Foam is 

produced and injected under constant backpressure conditions into cylinder 1. 

Opening the bottom valve connecting cylinders 1 and 2, the time count is started and 

the foam penetration depth is recorded. At the same time, the water level rises in 

cylinder 2 because of the pressure difference between the two cylinders. MAIDL 

(1995) worked with two pressure gradients of 0.2 and 0.5 bar at a base pressure of 

2.0 bar simulating augmented pore water pressures. 

In his tests, he observed an infiltration behaviour, which he distinguished into two 

phases. At the beginning of phase 1, after opening the bottom valve, the foam 

entered the soil sample rapidly due to the large pressure gradient that acted between 

the cylinders. The penetration rate decreased with diminished pressure head until 

 

Figure 5-1: Rig for foam penetration tests according to MAIDL (1995) 
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the penetration front converged apparently to a limit value. Under ideal conditions, 

MAIDL (1995) expected the foam to stagnate at a certain state of penetration, since 

the residual pressure level would not be sufficient large to overcome the foam yield 

stress. Although at small values, the penetration rate however maintained constant 

in phase 2. Furthermore, phase 2 was characterised by foam degeneration effects, 

which additionally influenced the penetration behaviour. According to MAIDL (1995), 

the transit to phase 2 depended on the foam recipe, the pressure difference and the 

design grain-diameter d10. 

Generally, he observed the foam moving through the soil with a planar front and 

expulsing the void water completely. MAIDL (1995) compared his measurements with 

expected values, which he derived from the water inclination in cylinder 2. The 

relationship between the penetration depth and the water inclination should be the 

void ratio np of the soil sample. However, the expected values exceeded the actual 

recordings. MAIDL (1995) attributed the additional water to a destruction of foam 

while passing through the grain matrix. Hence, free foam water from the destroyed 

foam would have to be additionally considered in the expelled void water. 

5.2 Foam penetration tests 

From their experiments, BEZUIJEN ET AL. (1999), BEZUIJEN & SCHAMINÉE (2001) concluded 

that a penetration of pure foam does not take place in practice. Nevertheless, the 

foam is of significant relevance to pore water expel. The foam injection together with 

the soil properties (kf, np) and the acting pressure steers the suppression of pore 

water when the excavated soil is entering the mixing chamber. MAIDL (1995) also 

stated that a coverage of the tunnel face solely by foam is not expectable. The 

occurrence of foam penetration would depend on the density of the support mix in 

the excavation chamber and on the distribution of injection points. Most probable, 

the penetration of foam into the soil is a local phenomenon and it appears only 

within a couple of centimetres (MAIDL (1995)). Whether the foam penetration takes 

place overall, only locally, e.g. in front of the injection nozzle at the cutting wheel, or 

globally over the full cutting face area cannot be justifiable answered for reality. It 

has also to be considered that there is a considerable gap between the steel 

structure, on which the foam injection points are installed, and the actual face, which 

is filled already with excavated soil. However, it is assumed here that the soil 
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mechanical and procedural conditions at the tunnel face provide a sufficient level to 

allow foam penetration. Hence, the experimental approach of MAIDL (1995) is 

consulted for an assessment of the residual water content of excavated soil entering 

the excavation chamber of an EPB shield combined with a comparative analysis with 

respect to the approaches of BEZUIJEN (2002). Figure 5-2 shows the supposed principle 

of foam penetration at the tunnel face. Thereupon, the foam penetration is discussed 

on the background of BEZUIJEN (2002), BEZUIJEN (2012), BEZUIJEN & SCHAMINÉE (2001), 

MAIDL (1995). The fundamental assumptions, boundary conditions and materials 

described in chapter 4 are still respected here, unless specified otherwise. Prior to 

the main tests, pre-studies have been guided within the framework of this research, 

which contributed to the development of the final testing procedure. 

 

 

Figure 5-2: Supposed principle of foam penetration and pore water replacement 
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5.2.1 Pre-studies 

In small-scale experiments on the phenomenology of foam penetration into particle 

matrices, a Hele-Shaw setup was used in order to achieve pseudo-2d flow conditions 

(Figure 5-3), see DENTER (2012). Aiming at reducing effects from the test materials on 

the basic penetration pattern, real materials (i.e. tunnelling foam and soil) were 

simulated through synthetic materials (shaving foam, glass particles). The artificial 

materials provided a long-term stability due to an increased content of stabilisers 

(polymers) and a rounded particle-shape. During testing, a compact planar foam 

penetration front was observed over the penetration process (Figure 5-4) as it was 

also described by MAIDL (1995). When drainage effects became more significant, 

surface and boundary effects occurred. 

In large-scale tests on the penetration behaviour of tunnelling foam into cohesionless 

soils according to MAIDL (1995), the test setup was redesigned several times in order 

to meet the requirements for the aim of the study, see MENGÜ (2012), TORKHANI 

(2013). Main steps in the development were the use of video recording of the 

penetration process and the installation of an outlet valve in order to weigh the 

 

Figure 5-3: Setup for small-scale 2d-infiltration experiments (modified Hele-Shaw cell) 

(DENTER (2012)) 
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expelled void water instead of measuring a water inclination. With reference to the 

testing programme of BUDACH (2012), a variety of different non-cohesive soils was 

chosen for investigation. The resulting foam penetration behaviour depended 

significantly on the soil composition, see TORKHANI (2013). 

5.2.2 Setup, testing procedure and experimental programme 

The test setup was designed according to the studies of MAIDL (1995). However, it 

involved some significant differences (Figure 5-5), which were based on experience 

from the pre-studies, see chapter 5.2.1. Since it was not intended to investigate 

excess pore pressure conditions, a spillway was installed on the height of 25 cm in 

cylinder 2. Balancing of the water level in both cylinders can be achieved by elevation 

 

Figure 5-4: Foam penetration into water-saturated glass particles in a Hele-Shaw cell 

under pressure load of 0.2 bar at different time steps (DENTER (2012)) 
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adjustment of cylinder 2. Thus, it is possible to record the actual weight of the 

expelled water, which flows from the drain of cylinder 2 into a container on scales. 

Another change in the test compared to the original procedure of MAIDL (1995) was 

the insertion of soil. From the pre-studies, where an installation procedure was 

considered similar to MAIDL (1995), it was found that a penetration of foam can occur 

prior to start of testing, see TORKHANI (2013). Based on experience of LINS (2009), the 

saturation of soil after insertion and compaction benefits air entrapments. Air 

bubbles, once bound in the grain matrix, might not be able to vanish during the 

saturation process. Therefore, the filling process was conducted as follows: water is 

filled into cylinder 1 for a couple of centimetres and then soil is dribbled into the 

water. This happens stepwise until a level of 25 cm is reached. Preliminary tests on 

this setup procedure have shown that additional compaction is not necessary to 

achieve maximum compactness. Thus, a saturation S close to 1.0 was realised. 

Generally, the foam penetration is examined top-down in a vertical setup. A foam 

injection from the bottom was not feasible ensuring a steady contact face between 

soil and foam. Sieves or comparable filter layers maintaining the soil in position 

would have influenced the penetration process. A horizontal test setup was 

precluded from the outset because pressure gradients could have occurred which 

should be avoided at this stage of research. 

 

Figure 5-5: Scheme of rig for foam penetration tests 
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After introduction of the soil, foam is produced and placed on the soil at atmospheric 

conditions. The consideration of placing the foam at ambient pressure into the test 

setup was due to procedural restraints. This is an eminent simplification and the 

results as presented in the following need to be reassessed based on pressurised 

foam injection. By recompression, drainage processes might be accelerated and the 

bubble structure might be affected. 

Once the test stand was hermetically sealed, it is pressurised with compressed air to 

a reference pressure of 0.5 bar (50 kPa). This pressure was chosen according to the 

pressure differences used by MAIDL (1995). TORKHANI (2013) did an analytical variation 

study on the pressure differences to be expected at the tunnel face and chose 0.5 bar 

to be on the safe side. When pressurised, the bottom valve was then opened and 

testing started at the same time. Details on the test setup and a precise description of 

the testing procedure can be found in chapter A.2.1. 

The experiments were conducted according to this testing procedure for a variety of 

non-cohesive soils with different gradation according to BUDACH (2012), see Table 5-1 

and Figure 5-6. Soils 1 and 2 equal the reference soils in the main parts of this study 

(chapter 4.3.1); details on the compositions of the other soils (dashed grain-size 

distribution curves) and their characteristic properties can be found in BUDACH (2012). 

Table 5-1: Grain-sizes of test soils used in foam penetration tests 

 Soil Grain-size range [mm] 

Soil 1 (Fine sand) 0.063 - 0.250 

Soil 2 (Sand) 0.063 - 2.000 

Soil 3 (Middle sand) 0.2 - 0.6 

Soil 4 (Coarse sand) 0.5 - 1.0 

Soil 5 (Fine and middle sand) 0.063 - 1.000 

Soil 6 (Middle and coarse sand) 0.5 - 2.0 

Soil 7 (Middle sand to fine gravel) 0.5 - 4.0 

Soil 8 (Fine sand to fine gravel) 0.063 - 4.000 
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Figure 5-6: Scheme of grain-size distribution curves of the soils used in the foam 

penetration study; green: reference soil 1, orange: reference soil 2 

The foam properties were maintained constant as described in chapter 4.3.2. The test 

duration was limited to three minutes because it was aimed at the short-term 

penetration behaviour during advance and not the long-term conditions during 

standstills. Typically, the experiments were conducted only once. In case of 

irregularities or unexpected events, the tests were repeated for comparison reasons. 

5.2.3 Test results and analysis of the penetration process 

The test results of the foam penetration as described afore (i.e. the penetration 

depth zp over time t) are visualised in Figure 5-7. Therein, the penetration depth is 

displayed over time. Recordings were taken every second over the first thirty seconds 

by video camera. Additionally, the foam depths were measured every thirty seconds 

visually from tape measures on the test cylinders up to a total time of 180 seconds. 

Thus, the final measurements (data points) every thirty seconds represent the mean 

value of two visual readings and one camera recording. Interim values are single 

values from the video camera. 

In all experiments, the foam penetration occurred quickly at large infiltration rates 

within the first seconds before it reduced to a lower penetration speed. Basically, the 
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penetration process behaved similarly to the observations by MAIDL (1995). The 

penetration depth into soil 1 is less than into soil 2. It seems likely that this is mainly 

determined by the soil gradation. The same conclusion can be drawn with respect to 

all other soils. Contrary to MAIDL (1995), the emphasis was on the short-term foam 

infiltration behaviour during advance. 

An application of a flow model for porous media to the foam penetration process 

would provide a sound description of the dynamics. However, the development of an 

adequate model is complex and exceeds the aim of the present study. Therefore, the 

penetration process is evaluated qualitatively by regression analysis. Over the 

observed period, the penetration behaviour can be well described for all samples by a 

power-law model with intercept zero (zp(t) = a∙tb). Through linear regression analysis 

applying the least-squares method and considering the concept of linearisation, best-

 

Figure 5-7: Penetration depths of tunnelling foam into different cohesionless soils (data 

points) including reference soils 1 (green) and 2 (orange) and power-law 

functions (continuous lines) fitted to the data; see Table 5-2 for details 
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fit equations could be found for the different soils with adequate coefficients of 

determination, see Table 5-2. In Figure 5-7 the fitting curves of the soils of reference, 

soils 1 and 2, are highlighted by continuous green and orange lines compared to the 

other soils (dashed lines). The main soil property influencing the fluid discharge 

through the soil is the intrinsic permeability, which depends on the pore ratio and an 

effective grain-diameter. Other properties influencing the fluid passage like of the 

foam were maintained constant in all tests and therefore, do not play a weighty role 

in a comparative analysis. Multivariate data analysis determined the exponent b to be 

close for all soils (0.11 … 0.20). Therefore, in a second calculation, this factor was 

maintained constant (b = 0.166). Thus, a significant correlation of the remaining 

regression coefficient a was revealed with both the representative grain diameter at 

30% passage, d30 [mm] (linear; Figure 5-8), and the mass-specific surface area, Sm 

[cm²/g] (power-law correlation; Figure 5-9). Later, in chapter 5.3.1, it will be shown, 

that both parameters can be linked together. 

Table 5-2: Regression analysis of foam penetration data: best-fit equations and 

coefficients of determination 

Soil Best-fit equation 
Coefficient of 

determination 

Soil 1 (Fine sand) zp(t) = 0.88∙t0.166 R² = 0.946 

Soil 2 (Sand) zp(t) = 1.69∙t0.166 R² = 0.848 

Soil 3 (Middle sand) zp(t) = 2.36∙t0.166 R² = 0.929 

Soil 4 (Coarse sand) zp(t) = 5.85∙t0.166 R² = 0.827 

Soil 5 (Fine and middle sand) zp(t) = 1.12∙t0.166 R² = 0.880 

Soil 6 (Middle and coarse sand) zp(t) = 3.80∙t0.166 R² = 0.882 

Soil 7 (Middle sand to fine gravel) zp(t) = 5.13∙t0.166 R² = 0.949 

Soil 8 (Fine sand to fine gravel) zp(t) = 2.31∙t0.166 R² = 0.853 
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Figure 5-8: Linear correlation of regressor a and representative grain diameters d30 

 

 

Figure 5-9: Power-law correlation of regressor a and the mass-specific surface areas of 

the soils Sm
 

5.2.4 Analysis of the residual water content in the excavated soil 

The foam penetration tests should provide an access to approach the residual water 

content within the zone of excavation covered by the cutting depth of the excavating 

tools. Figure 5-10 shows a representative excavated volume element (REVE) 

indefinite in its extent except for its length, which equals the excavation depth of the 

cutting tool (tool penetration htool). The REVE may show three conditions: 
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a. fully saturated by foam (zp(t) ≥ htool) 

b. fully saturated by water (zp(t) = 0) 

c. one part saturated by foam (zp(t)) and one part saturated by water (htool - 

zp(t)) 

Assuming initially a complete expel of pore water from the voids in the foam-

penetrated region, the water content in the foam-penetrated zone consists only of 

the foam liquid, which can be described by the parameter wfoam [wt%]. The water 

content of a soil in its water-saturated state, wsat [wt%], can be derived considering 

the soil’s bulk density ρd [kg/m³]. Depending on the time-dependent foam 

penetration depth zp(t) (condition a., b., or c.), the proportions in water content over 

tool penetration htool form the residual excavated water content wexc according to Eq. 

5.5. 

wexc(t) =
(htool−zp(t))∙wsat+zp(t)∙wfoam

htool
∙ 100 [wt%] Eq. 5.5 

with:   wfoam =
np

FER
∙ρw

ρd
∙ 100 [wt%] 

wherein ρw is the density of water [kg/m³] and np is the void ratio [-]. 

Supposing a certain tool penetration, the change in water content over time due to 

foam penetration can be calculated. The resulting development of water content for 

the investigated soils based on Eq. 5.5 is shown in Figure 5-11 for a cutter depth of 

20 mm. It can be seen that the residual water content very quickly reaches the lower 

 

Figure 5-10: Representative excavated volume element (REVE) showing the proportions in 

water content depending on the degree of foam penetration zp(t) 
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boundary limit, which is the foam-water content. A distinct excavated water content 

can be determined, when the time t is expressed by the procedural parameters 

turning speed of the cutting wheel NCW [1/min] and the tool stocking per track ntool [-

], representing the duration between two cutters passing, ttool [s] (Eq. 5.6). An 

insertion of Eq. 5.6 into Eq. 5.5 enables a calculation of the residual water content of 

the excavated material considering advance-dependent parameters. 

ttool =
60

NCW∙ntool
 [s] Eq. 5.6 

Except for the very first 1-2 seconds and for the rather fine soils 1 (fine sand) and 

5 (fine and middle sand), the determined water contents from the experiments are so 

low (≈ 1.0 wt%), that neglecting the proportion of residual moist seems grave. At 

least, a thin film of surface moistening water must actually remain in the foam-

penetrated section; otherwise, grains would become dry during the penetration 

process. Consequently, the suppression of water from the soil in the tests needs to be 

 

Figure 5-11: Development of the water content of an excavated volume element based on 

foam penetration tests 
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evaluated in order to determine how much water stays in the foam-penetrated soil 

and whether its magnitude needs to be taken into account or not. 

5.2.5 Analysis of the residual water in the foam-penetrated soil 

Besides the foam penetration, also the water efflux from the drain was recorded in 

the experiments (Figure 5-12). The outflow rate of expelled water showed the same 

pattern as the foam infiltration rate (Figure 5-7). From a theoretical point of view, the 

expected amount of outflow water should equal the pore volume, which was filled by 

foam. Thus, the relation of water volume and penetrated soil volume should be the 

void ratio np. Table 5-3 shows this (maximum) ratio (np,test) compared to actual values 

present in the setup (np,setup), which were determined from the soil and water 

volumes utilised in the tests. In most cases, the actual amount of water is greater 

than it was expected from the setup. Therefore, the ratio of expelled water and foam 

penetration depth is larger than estimated. These deviations arise from drained foam 

water, which needs to be considered in the total amount of outflow water. The same 

conclusion was drawn by MAIDL (1995). They occur most notably in soils containing 

 

Figure 5-12: Outflow rate of expelled water from foam penetration tests on different 

cohesionless soils including reference soils 1 (green) and 2 (orange) 
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fine sands. In these soils, the pores are less in size compared to the foam bubbles that 

usually have diameters around 0.3 - 0.5 mm (GALLI (2009)). Forcing the bubbles to 

enter the pore space, the foam cells might be destroyed and the interlamellar liquid 

has to be assigned to the void water. The air will stay entrapped within the soil 

skeleton. The comparative ratio results then in a corrected value, np,corrected. However, 

deviations remain partially significant. Presumably, the additional outflow water 

originates from drainage of the foam sample on top of the soil, which permeates 

through the penetrated zone. Thus, the magnitude of residual water cannot be 

measured in a reproducible manner. 

In fact, smaller ratio values would have been expected compared to the setup values. 

There are effects to be regarded, which result from remaining water within the foam-

penetrated zone (Figure 5-13). These affect the residual water content obversely as 

the drainage processes. On the one hand, a moisture film will remain on the grain 

surfaces (adsorption). Hence, the available pore space for a passage of the liquid is 

reduced to an effective void volume represented by the index ratio np,eff. On the 

Table 5-3: Void ratios np,setup of different test samples compared to volumetric ratios of 

expelled water and foam penetration depth with (np,corrected) and without 

(np,test) consideration of displaced foam water 

Soil np,setup [-] np,test [-] np,corrected [-] 

Soil 1 (Fine sand) 0.363 0.596 0.571 

Soil 2 (Sand) 0.289 0.370 0.351 

Soil 3 (Middle sand) 0.345 0.411 0.388 

Soil 4 (Coarse sand) 0.335 0.335 0.313 

Soil 5 (Fine and middle sand) 0.337 0.540 0.519 

Soil 6 (Middle and coarse sand) 0.332 0.356 0.334 

Soil 7 (Middle sand to fine gravel) 0.298 0.288 0.270 

Soil 8 (Fine sand to fine gravel) 0.276 0.337 0.318 
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other hand, water in capillaries experiences large molecular forces, which can be 

higher than the applied pressures acting within the grain matrix. Thus, the capillary 

water might not be able to move as quickly as the foam travels through the grain 

skeleton. It is then entrapped. In the tests, only soil 7 (middle sand to fine gravel) 

exhibits a lower test value as it would have been expected, which probably is due to 

sufficiently large void-sizes for the foam bubbles to pass without any damage. 

5.3 Estimation of the remaining soil saturation after foam 

penetration 

The residual water content within the foam-penetrated zone was not sustainably 

quantifiable over the water outflow rate of the experiments described above. 

Consequently, a qualitative investigation of the amount of remaining water is 

conducted estimating the magnitude of absorption and capillary water in the tests. 

One investigation is based on a physical model (MK model; chapter 5.3.1), into which 

typical soil parameters are incorporated. The results of its application to the present 

boundary conditions are compared to simple drainage tests (chapter 5.3.2). If 

comparable, the findings from both approaches shall provide information on whether 

the residual water is a weighty factor to be regarded or not. 

5.3.1 Soil-water characteristic curve (“MK model”) 

Depending on the grain-size distribution, the density, the pore space structure and 

the actual arrangement of particles, soils obtain a very own characteristic relation 

between saturation (or volumetric water content) and occurring (matric) suction in 

the soil skeleton. This relation can be described by so-called “soil-water characteristic 

curves” (SWCC), which are usually determined in experiments like drainage tests. The 

 

Figure 5-13: Binding form of water in soils (PAWLIK (2014)) 
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matric suction is a negative pressure that results from combined effects of adsorption 

and capillarity within the soil skeleton. Differences in the suction potential induce 

flow in unsaturated soils from wet soils (low matric suction) to dry soils (high matric 

suction). Typical SWCCs for sands, silts and clays are shown in Figure 5-14. As one can 

easily imagine, the water content decreases with increasing suction from the fully 

saturated state (S = 1) to dry conditions (S = 0). For coarse soils like sand, the SWCC 

shows a rather steep course compared to fine soils. 

 

Figure 5-14: Exemplary SWCCs (drainage path) for sand, silt and clay (modified from LINS 

(2009)) 

Characteristic points on the SWCC are the “air entry value” (AEV), which defines the 

crossing from saturated conditions to partially saturated conditions, and the “residual 

water content”. Beyond the suction that corresponds to the residual water content, 

adsorption forces become more responsible for the retention of water (SILLERS ET AL. 

(2001)). Water is then transported only by vapour diffusion. The shape and the slope 

of the SWCC are mainly affected by the pore-size distribution (LINS (2009)). An 

exemplary drainage curve for a sand with typical curve parameters and zones is 

shown in Figure 5-15. 

A determination of SWCCs can be done with empirical models, which demand for 

experimental data. These data can be found in flow experiments of different kind. A 

quite recent overview of the state-of-the-art, experimental techniques and common 

approaches, and more issues on this topic can be found in LINS (2009), which should 

be consulted for further details. The determination of SWCCs with appropriate 

techniques is time-consuming and laborious. Since the assumptions considered so far 
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most likely dominate the precision of these methods, here a physical model (namely 

“MK model”) of AUBERTIN ET AL. (2003) is used to estimate the SWCCs for soils 1 and 2. 

The MK model is based on soil properties and geometrical parameters and is not 

dependent of any experimental data. The model bases on the model developed by 

KOVÁCS (1981) considering some adjustments making the model generally applicable 

to porous media. It is presented in the following. 

The relationship between saturation and matric suction is established through a 

reference parameter defined as the equivalent capillary rise of water in a porous 

medium. The equivalent capillary rise is expressed in terms of hydraulic head and is 

closely defined to capillary rise of water in a capillary tube. Just the representative 

tube diameter is replaced either by an equivalent pore diameter or, in coarse-grained 

soils, by an equivalent particle diameter, DH (Eq. 5.8). Hence, the equivalent capillary 

rise expressed by hco [cm] can be determined using Eq. 5.7, wherein the second 

fraction factor represents an approximation of the mass-specific surface area Sm 

[cm²/g]. According to KOVÁCS (1981), the shape factor α [-] is set to 10. 

 

Figure 5-15: Typical drainage path as part of an SWCC for a sand; with characteristic 

parameters (saturated volumetric water content, AEV, residual water 

content) and saturation states (saturated, transition and residual zone) (LINS 

(2009)) 
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hco =
σw∙cos βw

γw
∙

α

ep∙DH
=

σw∙cosβw

γw
∙
ρs∙Sm

ep
 [cm] Eq. 5.7 

with:   DH = [1 + 1.17 ∙ log CU] ∙ d10 [cm] Eq. 5.8 

wherein σw is the fluid surface tension (0.073 N/m for water at 20°C) [N/m], βw is the 

contact angle between water and the capillary surface [-], γw is the unit weight of 

water [kN/m³], DH is the equivalent particle diameter [cm], ep is the void number [-], 

ρs is the solid grain density [kg/m³], CU is the coefficient of uniformity [-], and d10 is 

the effective grain diameter at 10 wt% passage [cm]. 

By Eq. 5.7, a linear relationship is established between a representative grain 

diameter (here DH) and the mass-specific surface are Sm. Reconsidering the analysis of 

the foam penetration tests in chapter 5.2.3, a linear correlation can also be found 

between hco and the regressor variable a, compare appendix A.2.3.2. 

Eq. 5.9 relates volumetric water content θ to soil saturation. The saturation is 

considered composed of two fractions: in the transition zone (i.e. between the air 

entry value (AEV) and the residual suction limit), the water is retained by capillary 

forces, while at higher suction values, the saturation is ruled by adhesive forces (van 

der Waals interaction). Towards the original model, AUBERTIN ET AL. (2003) reformed 

the adhesion component of soil saturation. The two components of the saturation, 

Sa
* and Sc, can be calculated with the help of Eq. 5.10 and Eq. 5.11. 

θ = np ∙ (Sc + Sa
∗ ∙ (1 − Sc)) [-] Eq. 5.9 

Sc = 1 − [(hco ψ⁄ )2 + 1]mp ∙ e−mp∙(hco ψ⁄ )2  [-] Eq. 5.10 

with ψ the matric potential [cm], mp a pore-size distribution parameter [-], and e the 

Euler number [-]. 

Sa
∗ = {

Sa, Sa < 1
1, Sa ≥ 1

 [-] Eq. 5.11 

with:   Sa = ac ∙ Cψ ∙
(hco ψn⁄ )2/3

ep
1/3∙(ψ ψn⁄ )1/6

 [-] 

wherein Sa is the pristine adhesion component of soil saturation [-], ψn is a 

normalisation parameter [cm], ac is an adsorption coefficient [-], Cψ is a correction 
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factor [-], ep is the void number [-]. The pore-size distribution parameter mp can be 

fairly approximated by the inverse of the uniformity coefficient: mp = 1/CU (AUBERTIN 

ET AL. (2003)). The absorption coefficient ac can be considered approximately constant 

for coarse soils, with ac = 0.01 (AUBERTIN ET AL. (2003)). Furthermore, a correction 

factor has to be considered in order to force the water content to zero (Eq. 5.12), 

when the matric suction reaches a hydrostatic head of 107 cm. This value is 

commonly defined as ultimate matric potential ψ0 of the SWCC. 

Cψ = 1 −
ln(1+ψ ψr⁄ )

ln(1+ψ0 ψr⁄ )
 [-] Eq. 5.12 

The residual suction ψr can be estimated by Eq. 5.13, wherein ep [-] is the void 

number. 

ψr =
0.42

(ep∙DH)
1.26 [cm] Eq. 5.13 

Thus, the SWCCs based on the MK model of AUBERTIN ET AL. (2003) (Eq. 5.7 to Eq. 5.13) 

can be determined for all soils, which are here exemplarily depicted in Figure 5-16 

only for the soils of reference, 1 and 2. SWCCs of all soils can be found in appendix 

 

Figure 5-16: Water content-suction relationship for soils 1 and 2 based on the MK model 

according to AUBERTIN ET AL. (2003); residual water contents are highlighted for 

an assumed suction of 500 cm occurring in the foam penetration tests 
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A.2.3.3. Assuming now that the occurring suction at the foam penetration front 

within the soil matrix equals the applied pressure in the penetration tests (50 kPa = 

500 cm), the resultant saturation can be detected. The same applies for the 

volumetric water content respectively. This actually is a significant simplification, 

because the pressure decreases along the foam penetration depth. The gradient 

however is not known. Bearing this in mind, conversion into the gravimetric water 

content results then in the values wres,SWCC summarised in Table 5-4 (see section 

5.3.3) representing the residual moisture within the foam penetrated section. The 

applied pressure obviously corresponds to a suction beyond the residual suction. 

5.3.2 Drainage test 

PAWLIK (2014) conducted drainage tests (DT) under a constant pressure load of 

50 kPa. She prepared the tests similarly to the foam penetration tests as described in 

chapter 5.2.2 using only cylinder no. 1 (Figure 5-17). Pressurisation by compressed air 

for 180 seconds forced the pore water to emit from the saturated soils. Thus, she 

aimed at determining the residual water content in the penetration zone, where void 

water was suppressed. The method applied by PAWLIK (2014) to some extent 

represents one step in a multi-step experiment to determine the soil-water 

characteristic curve, where several suction levels are applied one after another. In 

pre-tests, the amount of water was determined filling gussets of the setup, which can 

 

Figure 5-17: Scheme of rig for drainage tests 
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be treated as a standard error and which needs to be subtracted from the residual 

water in the cylinder when balancing the test results. As the work of PAWLIK (2014) 

was conducted within the scope of this study, she used the same soils. The resulting 

gravimetric water contents wres,DT from the drainage tests for the different soils are 

summarised in Table 5-4 (see section 5.3.3). Furthermore, PAWLIK (2014) detected a 

reasonable dependence between the resulting water contents and the soil 

characteristics, especially the specific surface area. 

5.3.3 Results and conclusion 

The results of the SWCC approach and of the experimental approach (drainage tests) 

are summarised in Table 5-4. As for the MK model, the results from the drainage tests 

show that the amount of residual soil water in the foam-penetrated zone has a 

significant portion in the total amount of residual moist. Except for soil 8, the findings 

from the SWCCs and the drainage tests are very close to each other (±0.9 wt%). 

Table 5-4: Residual water contents of test soils 1 - 8 determined in drainage tests 

(wres,DT) and from the characteristic SWCCs (wres,SWCC) based on the MK model 

according to AUBERTIN ET AL. (2003) without considering foam water 

Soil wres,DT [wt%] wres,SWCC [wt%] 

Soil 1 (Fine sand) 7.4 6.3 

Soil 2 (Sand) 4.4 4.8 

Soil 3 (Middle sand) 4.3 3.6 

Soil 4 (Coarse sand) 1.1 1.4 

Soil 5 (Fine and middle sand) 6.3 5.7 

Soil 6 (Middle and coarse sand) 1.3 2.2 

Soil 7 (Middle sand to fine gravel) 2.2 2.0 

Soil 8 (Fine sand to fine gravel) 4.3 2.4 
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The small differences in residual water content between results of the drainage tests 

and the MK model might result from several factors. Higher residual water contents 

in the tests may be explained by the test duration. Since the tests lasted only 

180 seconds, additional water might have flown out over a longer period of testing. A 

higher residual moisture from the physical model than determined in the tests may 

result from the principle assumptions of the model. One of them is the hypothesis 

that the matric potential accords the backpressure. A further factor of influence 

might be the surface tension. As the foam penetrates, the groundwater gets in touch 

with the surfactants and its surface tension reduces depending on the concentration, 

see STACHE (1979). As defined in Eq. 5.7, this affects the equivalent capillary rise 

decisively. The surface tension of foams used by BEZUIJEN & SCHAMINÉE (2000) was 

0.0215 N/m, which is only one third of the characteristic value for water. Considering 

this value, the residual water contents reduce by approximately 55%. However, the 

actual concentrations of foaming liquid in groundwater in the particular sections 

during testing are not known. The actual amount of foaming liquid coming from foam 

on top of the soil or from other sections is indefinable. Therefore, the influence of 

surface tension is disregarded. 

Nonetheless, the findings underline the necessity in regarding the residual soil water, 

although the approaches certainly consider different physical interrelations. 

Compared to the residual water contents, when neglecting the remaining soil water, 

the differences are significantly high. 

5.4 Water content of the excavated soil 

Regardless of the accuracy in its value, the necessity of taking into account the 

remaining soil moisture in addition to the foam water was clearly emphasised in 

chapter 5.3. There is a big, non-negligible difference between the free void water, 

which is replaced by foam, and the total void water content. It is supposed that the 

lower value of the two residual water contents for each soil (Table 5-4) may serve as 

a minimum residual soil moisture in the foam-penetrated zone wres,i [wt%] (with i = 

DT or SWCC) to be considered when assessing the total excavated water at the tunnel 

face. Adding the residual moisture to the foam-water and reconsidering the approach 

made in chapter 5.2.4, the excavated water content of a representative volume 

element can be determined over time using Eq. 5.14. 
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wexc(t) =
(htool−zp(t))∙wsat+zp(t)∙(wfoam+wres,i)

htool
∙ 100 [wt%] Eq. 5.14 

with:   wfoam =
np

FER
∙ρL

ρd
∙ 100 [wt%] 

wherein zp(t) [m] is the time-dependent foam penetration from the foam penetration 

tests in chapter 5.2.3. The density of the foaming liquid, ρL [kg/m³], is approximated 

by the density of water (ρW = 1,000 kg/m³). 

The updated courses of the change in water content for all soils are shown in Figure 

5-18, again for a tool penetration htool of 20 mm. 

From the considerations above, water contents for the design of soil conditioning 

concepts can be determined for specific tunnelling situations. The two master soils of 

 

Figure 5-18: Change in water content over time for volume elements composed of the 

different test soils 1 – 8 to be excavated by cutting tools with a penetration of 

20 mm; the vertical black line indicates water contents for a typical tunnelling 

situation (NCW=1.0 rpm, ntool=8, htool=20 mm) 
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the present study shall function as a reference to illustrate the procedure. The 

following operational parameters are chosen for a tunnel with diameter DT = 10 m: 

NCW = 1.0 rpm and ntool = 8. Insertion of these values into Eq. 5.6 and introducing the 

consequential penetration time (ttool ≈ 8 s) into Eq. 5.14 results in the reference water 

contents of wexc,soil1 = 12 wt% and wexc,soil2 = 6 wt% for a tool penetration htool = 

20 mm. 

The bandwidth in water contents at these specific typical tunnelling conditions ranges 

from 2 wt% to 12 wt%. Therefore, the water contents within the experimental work 

in the main sections of this study are varied between 2 wt% and 12 wt%. 

Comparing the approach with the considerations of BEZUIJEN (2002), BEZUIJEN (2012), 

BEZUIJEN & SCHAMINÉE (2001) as presented before, the obtained water contents are 

much larger. Using the same (operational) boundary parameters as input values, 

taking into account the required soil properties and considering that the FIR in the 

tests equals the pore ratio np (i.e. no volume increase due to foam injection), the 

residual water contents can be determined according to Eq. 5.4. All significant input 

values as well as the resulting volumetric and gravimetric water contents for the test 

soils are summarised in Table 5-5. In any case, the residual water content is only 

dependent of the foam water because the expel rate is expressively larger than the 

advance rate. Most probably, this is caused by the excessive difference in pressure 

head. The results go along with the first hypothesis of total void water replacement in 

chapter 5.2.4, i.e. without consideration of the residual void water. 

 

  



110 5. Assessment of the residual water content of excavated soil in EPB tunnelling  

 

Table 5-5: Residual water contents of test soils 1 to 8 according to model of BEZUIJEN 

(2002), BEZUIJEN (2012) and necessary input values 

Input Soil 1 Soil 2 Soil 3 Soil 4 Soil 5 Soil 6 Soil 7 Soil 8 

Void ratio np [-] 0.363 0.289 0.345 0.333 0.337 0.332 0.298 0.276 

FERactual [-] 14.9 15.2 15.0 14.9 15.6 15.0 16 14.6 

Soil density ρd 

[kg/m³] 
1,688 1,884 1,735 1,762 1,758 1,769 1,860 1,919 

Hydraulic 

conductivity k [m/s] 
1.6e-4 1.7e-4 2.2e-4 2.8e-4 1.5e-4 2.5e-4 2.2e-4 5.2e-5 

Hydraulic head at 

tunnel face ϕ0 [m] 
5 5 5 5 5 5 5 5 

Specific discharge of 

expelled pore water 

at tunnel face q0 

[m/s] 

1.6e-4 1.7e-4 2.2e-4 2.8e-4 1.5e-4 2.5e-4 2.2e-4 5.2e-5 

Tunnel radius RT [m] 5 5 5 5 5 5 5 5 

Tool penetration htool 

[m] 
0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

Turning speed 

cutting wheel NCW 

[rpm] 

1 1 1 1 1 1 1 1 

Advance rate vadv 

[m/s] 
3.3e-4 3.3e-4 3.3e-4 3.3e-4 3.3e-4 3.3e-4 3.3e-4 3.3e-4 

Output Soil 1 Soil 2 Soil 3 Soil 4 Soil 5 Soil 6 Soil 7 Soil 8 

Residual water 

content (volumetric) 

θresidual [vol%] 

according to Eq. 5.4 

2.44 1.90 2.30 2.25 2.17 2.22 1.86 13.87 

Residual water 

content (gravimetric) 

wexc,Bezuijen [wt%] 

1.44 1.01 1.33 1.28 1.23 1.25 1.00 7.23 
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6. INDEX TESTS ON SOIL-FOAM 

MIXTURES USING THE SLUMP 

TEST 

Index tests are frequently used in practice in order to gain information on material 

properties in a simple and low-cost manner. They represent a compromise between 

quality of the information to be obtained and the complexity of the test method. In 

EPB tunnelling, the slump test from concrete engineering according to DIN EN 12350-

2 (2009-08) is one often-applied index test to evaluate the conditioning behaviour of 

soils. Studies have been performed also in research very extensively, see chapter 

2.4.2. An analysis of the obtained results regarding rheological parameters has yet 

not taken place. 

In order to establish a link between slump tests and rheology, the analytical models 

that were presented in chapter 3.3 needed to be reconsidered and adjusted to be 

applicable to a test series on foam-conditioned soils. Therefore, an extensive 

experimental program was completed. Test setup and test procedure were closely 

aligned to the normative regulations. Experience from pre-studies, however, 

disclosed some significant influences from the test proceeding on the results. As far 

as possible, these influences were considered through enhancements in design and 

temporal constraints. The analytical slump models could then be applied to the test 

data. Finally, the value of information the models provided was analysed. 

6.1 Pre-studies 

Slump tests have been used for qualitative and quantitative assessment of the 

conditioning behaviour of soils in both EPB tunnelling practice and research. 

Standardised procedures do not exist with respect to EPB-related material 

(conditioned soils), although all applicants used similar test setups, which are either 
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related to DIN EN 12350-2 (2009-08) or comparable international / national 

standards. 

PEILA ET AL. (2008), VINAI (2006) show that time is a demanding factor in slump testing. 

Drainage and restructuring effects occur within the foam leading to pre-consolidation 

over time, see Figure 6-1. Hence, test results are less comparable and less 

reproducible when working with nonuniform reference times. PEILA ET AL. (2008), VINAI 

(2006) use this behaviour as quality index for the stability of the soil-foam mix over 

time. The final slump result is affected by the time-dependent changes of the 

material properties and thus, it reduces over time. VINAI (2006) found a logarithmic 

approximation suitable to describe the slump development (Figure 6-2). 

  

Figure 6-1: Water outflow due to drainage effects (left), consolidation effects due to 

structural changes in the material (GESING (2013)) 

 

Figure 6-2: Slump development of one soil-foam mixture over time and logarithmic 

approximation (VINAI (2006)) 
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Recent research on the expressiveness of this test for EPB material and on possible 

faults deriving from the test execution, which were conducted by GESING (2013), 

KAYSER (2015) as pre-tests for the present study, revealed significant results. GESING 

(2013) used a slump test setup, which was amended with guide rails (Figure 6-3). 

Thus, lifting of the cone is performed vertically. Furthermore, he used a plate that 

could be fit into the guide rail system containing a coordinate system as shown in 

Figure 6-3. From a defined spot, photographs were taken for photo-optical 

measurement and analysis respectively. Thus, it enables analysing the slump shape 

not only by the slump value and the spread but also in every single location of the 

spline. Sketches of the setup can be found in the appendix chapter A.3.1. 

    

Figure 6-3: Realised version of the modified slump test (left; GESING (2013)); 2-d 

coordinate measuring plate (right) 

As PEILA ET AL. (2008), VINAI (2006), GESING (2013) found the time to be a factor of 

severe influence in slump testing, too. Therefore, a specific testing procedure was 

setup considering precise temporal constraints as well as an alignment of the single 

steps of the test preparations (Figure 6-4). It establishes the basis of the principle 

temporal testing procedure as presented in chapter 4.3.3. 

KAYSER (2015) conducted tests with other flow-out tests that are founded on the basic 

principle of cone lifting such as the flow table test cone (DIN EN 12350-5 (2009-08)), 

the mortar cone (DIN EN 1015-3 (2007-05); with Haegermann Table) and a miniature 

slump cone according to MALUSIS ET AL. (2008), see chapter 3.3. KAYSER (2015) tried to 

elaborate further ranges for a recommended workability with the other test methods 

because on the one hand the flow table test represents the mainly applied test to 

determine the consistency of fresh concrete in Germany, whereas on the other hand 

possible savings in the required sample volume would be favourable. However, he 

found out that the materials exhibiting the same slump values in the standard slump 
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test according to DIN EN 12350-2 (2009-08) showed different patterns of workability 

using the other established tests – all of them considering the procedural influences 

and affections from the design as elaborated by GESING (2013). One explanation for 

this phenomenon could be that the materials actually do not possess the same flow 

behaviour. KAYSER (2015) also took the work of MALUSIS ET AL. (2008) into account, 

which considers a scaling of the geometrical slump proportions. The resulting shapes 

of the materials owning the same slump value actually look different, especially 

regarding the undeformed part. 

ALTUN (2011) investigated the applicability of the prognosis model of CLAYTON ET AL. 

(2003) to soil-foam mixtures. He had little success in finding a good correspondence 

between real slumps and the theoretically expected values. Instead of the material 

yield stress and the unit weight, ALTUN (2011) used undrained shear strength 

measurements from a laboratory shear vane and the material density. Hence, the 

applicability of the prognosis model to slump tests on soil-foam mixtures could yet 

not been demonstrated correctly. 

6.2 Setup, testing procedure and experimental programme 

The test setup consists of the equipment as demanded in DIN EN 12350-2 (2009-08), 

except for the guide rail extension for perpendicular lifting and the coordinate plane 

as proposed in chapter 6.1. The test procedure is aligned to the general testing 

schedule described in chapter 4.3.3 and to the elaborated sequence of GESING (2013) 

mentioned above. After preparation of the probe (step no. 2 in Table 4-2), step no. 3 

incorporates the filling of the test preparations, i.e. the filling of the cone. Filling and 

densifying of the inserted material are performed according to DIN EN 12350-2 

 

Figure 6-4: Standard procedure for slump tests 
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(2009-08) in three layers of equal height. After filling of each layer, the material is 

compacted by equally distributed immersions of a steel bar within the layer. 

Photographs are taken for later verification of possible errors in recording the 

measurements. Besides the slump measure S in the planar reference, also the 

average slump flow SF of depth and width is recorded as well as occurring heights h0 

of the undeformed section of the original conical shape after lifting. The recorded 

parameters are depicted in Figure 6-5. Details on the test setup and a precise 

description of the testing procedure can be found in chapter A.3.1. 

The testing programme is based on a parametric study considering a variation of 

single sample properties. According to current literature, a suitable flow behaviour of 

soil-foam mixtures is determined by slump values ranging between 10 and 20 cm. 

The reference FIR leading to a slump of 10 cm (FIR10) and of 20 cm (FIR20) of the foam-

conditioned soils 1 and 2 were found in preliminary tests and are indicated separately 

in Figure 6-6. The reference water contents for soils 1 and 2 were determined from 

the foam penetration tests as described in details in chapter 5.2.4. The experimental 

programme for the index tests and the variation parameters for both soils are 

presented in Figure 6-6. 

 

 

Figure 6-5: Recorded values in slump experiments 
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Figure 6-6: Experimental programme for index tests and variations of material 

parameters: black boxes for both soils, coloured boxes only for corresponding 

soil; coloured water contents represent reference water contents for FIR10 

and FIR20 

6.3 Test results 

The slump test results of the different soil-foam mixtures act as one might expect: 

the more water or foam the soils contain the bigger the resulting slump measure. The 

same applies for the slump flow measure respectively. Furthermore, both soils with 

each water content can be conditioned to a suitable flow behaviour in terms of 

recommended slump values of 10 and 20 cm. The value of h0, i.e. the height of the 

undeformed shape, reduces with increasing FIR. However, the systematic test series 

provides more information as probably can be seen at a first glance. Consequently, 

the results are processed in more detail separately for each measuring parameter. 
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6.3.1 Slump S 

The test results of the slump test are depicted in Figure 6-7. A diagram showing the 

slump data in dependence of the water content can be found in chapter A.3.3.1. Each 

data point represents the mean value of at least three tests with one soil-foam 

mixture. Additionally, the standard deviation of the slump measures of the single 

mixtures is attached to the data points as well. The connecting lines between the 

data points shall support the legibility of the data only. The colours signify one 

variation of the water content, dashed lines stand for Soil 2 (sand) and continuous 

lines for Soil 1 (fine sand). The constant black horizontal borderlines highlight the 

recommended range for a suitable flow behaviour (compare chapter 3.2.3). 

 

Figure 6-7: Mean slump values S and standard deviations from experiments on different 

soil-foam mixtures over foam injection ratio FIR; colours represent water 

contents, type of line stands for type of soil (continuous: soil 1/fine sand, 

dashed: soil2/sand). Black lines indicate recommended range of suitable 

workability. 

The course of the lines might indicate a possible correlation between the main 

variation parameters (soil, water content, foam injection ratio) and the test measures 

(slump). Therefore, a statistical analysis is performed in order to investigate truly 

existing relationships between the independent variables (= variation parameters) 

and the dependent variables (= measures). Since multiple independent variables are 

involved, a multivariate data analysis is required. The aim of the analysis is to find a 
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significant functional relationship. The classical method for these types of data 

analysis is the multiple linear regression, see HENRION & HENRION (1995). Establishing a 

basic functional relationship between the independent variables and the one 

dependent variable forms the starting point of the regression analysis, which contains 

additional regression coefficients. 

From Figure 6-7, a non-linear trend can be estimated describing the slumping 

behaviour best. A similar conclusion can be drawn from the results when outlined 

over the water content (see chapter A.3.3.1). Therefore, the estimated function 

describing the dependency between the Slump and the water content w and the FIR 

is chosen to be a polynomial equation of the second order (Eq. 6.1). An inclusion of a 

third independent variable as representative for the soil type was consciously 

excluded because the number of alterations in the experiments was too small to 

expect a reliable dependency. The usage of more soils in similar experiments in 

future variation studies would allow for an implementation of an additional 

parameter. The soil could be considered for example by the representative grain-

diameter at 60% passage in the sieve analysis (d60), the uniformity coefficient Cu or 

the curvature coefficient Cc. 

S(w, FIR) = b0 + b1 ∙ w + b2 ∙ FIR + b3 ∙ w ∙ FIR + b4 ∙ w
2 + b5 ∙ FIR

2 

 [cm] Eq. 6.1 

wherein the parameters bi represent the regression coefficients. By applying the 

linear least-squares methodology to the present data, the regression coefficients bi 

can be found that lead to the best fit of the model to the sampled data, which 

actually represents a three-dimensional fitting plane. The method of least squares is a 

calculation process, which minimises the sum of squared deviations between the 

actual measured slump values Smeasured and the predicted slump values Spredicted, which 

underlie Eq. 6.1, by alteration of the regression coefficients bi. In multiple linear 

regression, it is based on matrix algebra. It is substantial to mention that this method 

considers only the vertical deviations between the data points and the implicit 

function to fit. 

The final resulting equations describing the behavioural dependency between the 

slump and the water content and the FIR for the two investigated soils are Eq. 6.2 
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and Eq. 6.3. Comparative analyses have been conducted with polynomial functions of 

third order. The fitting was not significantly increased. It was also considered to 

restrict the iteration process through boundary conditions in order to produce only 

meaningful results, such as positive outcomes for S (bi ≥ 0) or a crossing of the origin 

(b0 = 0) are musts. However, the complexity would have increased unreasonably. 

Soil 1: 

SFS(w, FIR) = −64.126 + 4.112 ∙ w + 1.147 ∙ FIR − 0.019 ∙ w ∙ FIR 

 −0.088 ∙ w2 − 4.0 ∙ 10−3 ∙ FIR2 [cm] 

 R̅2 = 0.968 Eq. 6.2 

Soil 2: 

SS(w, FIR) = −41.344 + 4.609 ∙ w + 1.713 ∙ FIR − 0.040 ∙ w ∙ FIR 

 −0.131 ∙ w2 − 12.5 ∙ 10−3 ∙ FIR2 [cm] 

 R̅2 = 0.970 Eq. 6.3 

Having obtained the equations above, the multiple regression analysis demands for 

some tests, determining the goodness of fit of the overall model on the one hand and 

the significance of the regression variables on the other. The goodness of fit of the 

regression model can be described by two factors: one is the coefficient of 

determination, R²; and the other is the F-test. Generally, the coefficient of 

determination describes the ratio of the explained sum of squares SSE and the total 

sum of squares SST [here: cm²]. In multivariate data analysis, the coefficient of 

determination is defined slightly different from single variable conditions because the 

pure addition of further explanatory variables to the regression model increases 

causelessly the quality of fit, cf. MONTGOMERY (2005). Therefore, it is adjusted to R̅2 by 

considering the present degrees of freedom and can be rewritten to Eq. 6.4. 

R̅2 = 1 −
SSR (n−pr−1)⁄

SST (n−1)⁄
 [-] Eq. 6.4 

with SSR the residual sum of squares [cm²], n the sample size [-], and pr the number of 

regression variables without the intercept [-]. Due to its values close to one, the 



120 6. Index tests on soil-foam mixtures using the slump test  

 

coefficient of determination manifests a strong relationship between the regression 

models and the present data here (Table A-2 in appendix A.3.4). 

However, it is still to prove, if an overall functional relationship exists between the 

independent and dependent variables, see MONTGOMERY (2005). This can be 

determined through an F-test, which approves or refuses the hypothesis of a 

dependency of the regression coefficients. Furthermore, multiple regression analysis 

demands for a significance test. It might occur that some of the independent 

variables are statistically insignificant for the overall functional description. Then, a 

reduction of variables is advantageous. This is achieved through statistical hypothesis 

testing of the regression coefficients by a t-test, see MONTGOMERY (2005). If the 

regression coefficients are insignificant, they can be neglected, and thus, the 

corresponding independent variables vanish, too. The final function is reduced to 

significant terms only and by this, the scope for interpretation is enhanced. 

The elimination of variables happens stepwise, which is why the fitting process with 

the least squares method has to be repeatedly executed. The procedure is as follows: 

A t-value ti is established for each determined regression coefficient bi using Eq. 6.5, 

which is compared to the two-tailored Student distribution (t-distribution) value at a 

probability level of 95%, considering the present degrees of freedom 

ti = |bi| ∙ √
n−pr−1

∑ (Smeasured,i−Spredicted,i)
2n

i=1 ∙ci+1
 [-] Eq. 6.5 

with bi the regression coefficient [-], n-pr-1 the degrees of freedom [-], Smeasured the 

measured slump [cm], Spredicted the prognosed slump value from the model [cm], and 

ci+1 the value from main diagonal of the matrix operation [-] 

If the test value ti exceeds the tabulate value t0.95 of the Student distribution, the 

probability that the corresponding regression coefficient exhibits a value unequal 

zero is 95%; i.e. it is significant. In turn, this means, that a test value is insignificant, 

when it is smaller than the reference t-value t0.95. If one or more test values are 

smaller than the reference t-value, the regression coefficient exhibiting the smallest 

test value ti is excluded from the regression analysis and regression is performed 

again. This procedure is repeated until all regression coefficients are tested 

significant. 
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At last, confidence intervals have to be calculated for the coefficients of regression in 

order to provide a range of confidence, in which the true values can appear. 

Table A-2 in appendix A.3.4 gives a summary of the output values of the regression 

analyses and corresponding tests (F-test, t-test, confidence levels, and coefficients of 

determination). The results of t-test and F-test show that a dependency between the 

variables exists and that the regressors are statistical significant. Eq. 6.2 and Eq. 6.3 

represent already the models in the final form after applying all statistical testing. 

Further details on the statistical analysis of engineering experiments can be found in 

HENRION & HENRION (1995), LIPSON & SHETH (1973), MONTGOMERY (2005), MYERS (1986). 

Figure 6-8 exemplarily shows the course of the final equations for soil 1 in the two-

dimensional FIR-S-plane. The distribution of mean values as shown in Figure 6-7 is 

plotted into the diagram, too, in order to visualise the fitting behaviour. An 

equivalent diagram showing the functional relationship towards the water content 

can be found in appendix A.3.3.1 as well as both illustrations for soil 2. 

In order to validate the functional relationship, the formulas shall be applied to data 

from literature. BUDACH (2012) and KAYSER (2015) also performed systematic slump 

experiments with similar soils. The application of Eq. 6.2 and Eq. 6.3 (“Model Galli 

2016”) to their data is shown in Figure 6-9 and Figure 6-10. 

 

Figure 6-8: Mean slump values S (dots) and standard deviations from experiments on 

fine sand-foam mixtures over foam injection ratio FIR fitted by a second-

order polynomial equation (continuous lines) 
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The data of KAYSER (2015) is approximated well by the equations (RFS² = 0.959, 

RS² = 0.951), however, the population of data is very low. A description of the 

measures of BUDACH (2012) by the equations is not successful (RFS² = 0.389, 

RS² = 0.616); the slump values are underpredicted. An additional factor to bear in 

 

Figure 6-9: Application of model function to slump measures on fine sand-foam mixtures 

from literature 

 

Figure 6-10: Application of the model function to slump measures of sand-foam mixtures 

from literature 
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mind can be differences in the testing or sample preparation procedures that 

influence the goodness of fit. These differences are not present in comparison to the 

experiments of KAYSER (2015). An application to further data would enhance the 

applicability of the generated model. 

6.3.2 Slump flow SF 

The results of slump flow measurements are shown in Figure 6-11. Again, additional 

diagrams can be found in the appendix (chapter A.3.3.2). The format is the same as 

for the slump data. As described before for the slump test in chapter 6.3.1, the same 

data analysis process could now be repeated for the measures of the slump flow. 

However, the slump flow test usually is performed in one with the slump test. It is 

worth contemplating, if there is a correlation between the slump and the slump flow. 

BUDACH (2012) and KAYSER (2015) tried to correlate the results from their experiments 

and independently found a quite good correlation of the slump with the slump flow 

using a logarithmic function, see Table 6-1. However, the standard measure referred 

to in EPB technology is the slump value. Therefore, a correlation of the slump flow on 

the slump would be more reasonable. A conversion of their formulas leads to an 

exponential relationship of the slump flow and the slump (Table 6-1). In comparison 

 

Figure 6-11: Mean slump flow values SF and standard deviations from experiments on 

different soil-foam mixtures over foam injection ratio FIR; colours represent 

water contents, type of line stands for type of soil (continuous: soil 1/fine 

sand, dashed: soil2/sand) 

20

25

30

35

40

45

50

55

60

0 10 20 30 40 50 60 70 80 90 100

Sl
u

m
p

 f
lo

w
 S

F 
[c

m
]

FIR [vol%]

Slump flow tests of soil-foam mixtures
Fine sand and Sand, w=var., FIR=var.

FS w2
S w2
FS w4
S w4
FS w6
S w6
FS w8
S w8
FS w10
S w10
FS w12
S w12



124 6. Index tests on soil-foam mixtures using the slump test  

 

to BUDACH (2012), the number of tests in this study, that can be used for such a 

correlation, is much larger and is performed following a strict temporal testing 

procedure. However, this study is limited to two types of soil compositions only. In 

comparison to KAYSER (2015), the number of variations in water content and injection 

ratio of foam applied here exceeds his scope in testing. The mean measures of slump 

and slump flow of all soil-foam mixtures as presented above are summarised in 

Figure 6-12. 

Quite surprisingly, all data seem to coincide with a functional relation regardless of 

 

Figure 6-12: Mean slump flow values SF over corresponding mean slump values S and 

standard deviations from experiments on different soil-foam mixtures 
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Table 6-1: Models of BUDACH (2012) and KAYSER (2015) describing the functional 

relationship between slump S [cm] and slump flow SF [cm] 

 Original fitting equations Converted equations 

BUDACH (2012) S(SF) = 22.227 ∙ ln(SF) − 60.253 SF(S) = e
(S+60.253)
22.227  

KAYSER (2015) S(SF) = 23.105 ∙ ln(SF) − 63.076 SF(S) = e
(S+63.076)
20.105  
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their composition. Therefore, a correlation analysis is performed again using the 

methods of linear regression and least squares. Due to its coinciding appearance, the 

single constituent fractions of the different mixtures are neglected at first for the 

regression analysis. Once more, a non-linear basic function is assumed of second 

polynomial order, which after application of the least square process results for the 

present data in Eq. 6.6 (R² = 0.951). The constant term was pre-defined to the initial 

bottom diameter of the slump cone (20 cm), which is the least possible slump flow 

value. The regression coefficients need to be positive in order to assure values of SF 

greater or even 20 cm. Eq. 6.6 simply describes a wide parabola. If the analysis is 

conducted separately for each of the soils, the difference in the resulting formula is 

almost negligible: the parabola shape-factor is 0.038 for soil 1 and 0.040 for soil 2. It 

is necessary to mention two limits of this function: First, if mixes that were more fluid 

were being investigated, the data would show an asymptotic behaviour towards a 

limit value of slump flow. Since only a certain volume of material is available, this 

limit slump flow is reached at infinitesimal small fluid thickness. Second, the 

maximum slump value that can theoretically occur is 30 cm, which restricts the 

obtained function to this boundary value of S. 

SF(S) = 20 + 0.039 ∙ S2 [cm] R² = 0.951 Eq. 6.6 

Figure 6-13 shows the course of Eq. 6.6 in combination with all measurements. 

Furthermore, the converted equations of BUDACH (2012) (R² = 0.884) and KAYSER 

(2015) (R² = 0.901) are complemented to the data, too. As one can see, the latter 

models underestimate the data in the small-slump regime. This can be traced back to 

the violated boundary condition of the minimum possible slump flow value of 20 cm. 

As validation, Eq. 6.6 is applied to the data of BUDACH (2012) and KAYSER (2015). From 

Figure 6-14 and Table 6-2, it can clearly be seen that the model found in the present 

study complies well with the foreign data and even exceeds slightly the goodness of 

fit, although the testing procedures, sample preparations and mixture compositions 

might be diverse. Especially in the range of small slumps, the developed model seems 

to be more accurate to the actual measures. 
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Figure 6-13: Mean slump flow values SF over corresponding mean slump values S from 

experiments on different soil-foam mixtures (data points), regression models 

according to Galli (continuous line), BUDACH (2012) (dashed line) and KAYSER 

(2015) (dotted line) 

 

 

Figure 6-14: Slump flow measures SF over corresponding slump values S from 

experiments on different soil-foam mixtures conducted by BUDACH (2012) 

(stars) and KAYSER (2015) (triangles), regression model according to Eq. 6.6 

(continuous line) 
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Table 6-2: Models of BUDACH (2012), KAYSER (2015) and Galli (present study) describing 

the functional relationship between slump S and slump flow SF 

Considering the restrictions mentioned above, it is now also possible to combine the 

formulas for the prediction of the slump flow (Eq. 6.6) and the slump (Eq. 6.2 and Eq. 

6.3) to an expression for the slump flow depending on the water content and the FIR 

(Eq. 6.7 and Eq. 6.8). 

Soil 1: 

SFFS(w, FIR) = 180.374 − 20.569 ∙ w − 5.735 ∙ FIR + 0.4632 ∙ w ∙ FIR 

+1.0996 ∙ w2 + 0.0712 ∙ FIR2 − 13.986 ∙ 10−3 ∙ w2 ∙ FIR 

−2.982 ∙ 10−3 ∙ w ∙ FIR2 − 28.223 ∙ 10−3 ∙ w3 − 0.356 ∙ 10−3 ∙ FIR3 

+41.498 ∙ 10−6 ∙ w2 ∙ FIR2 + 130.880 ∙ 10−6 ∙ w3 ∙ FIR 

+5.920 ∙ 10−6 ∙ w ∙ FIR3 + 301.938 ∙ 10−6 ∙ w4 

+0.618 ∙ 10−6 ∙ FIR4 [cm] Eq. 6.7 

Soil 2: 

SFS(w, FIR) = 86.663 − 14.864 ∙ w − 5.525 ∙ FIR + 0.745 ∙ w ∙ FIR 

+1.2524 ∙ w2 + 0.1548 ∙ FIR2 − 31.995 ∙ 10−3 ∙ w2 ∙ FIR 

−9.863 ∙ 10−3 ∙ w ∙ FIR2 − 47.245 ∙ 10−3 ∙ w3 − 1.672 ∙ 10−3 ∙ FIR3 

+191.103 ∙ 10−6 ∙ w2 ∙ FIR2 + 411.529 ∙ 10−6 ∙ w3 ∙ FIR 

+39.181 ∙ 10−6 ∙ w ∙ FIR3 + 673.428 ∙ 10−6 ∙ w4 

+6.104 ∙ 10−6 ∙ FIR4 [cm] Eq. 6.8 

R² Data Budach 2012 Data Kayser 2015 Data present study 

Budach model 0.845 0.920 0.884 

Kayser model 0.845 0.931 0.901 

Present model 0.853 0.948 0.951 
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Application of the equations to the different mixture compositions leads to the 

distributions of the slump flow measures over the FIR as depicted in Figure 6-15. 

Therein, also the data from Figure 6-11 is plotted. In a similar manner, this can be 

shown for soil 2 and for the dependency with the water content, see appendix 

chapter A.3.3.2. The fitting throughout all the experimental data of soils 1 and 2 

shows a good correlation (Soil 1: Rmin² = 0.962 for w = 6.0%, Rmax² = 0.989 for w = 

4.0%). 

 

Figure 6-15: Application of prognosis model to slump flow measurements for soil 1 (fine 

sand) in dependence of different water contents and FIRs 

6.3.3 Height h0 of the undeformed section  

The measurements of the undeformed section h0 has not been an issue, so far. The 

relevance of this measure is emphasised in the following chapter. For the sake of 

completeness, Figure 6-16 is introduced here, containing the mean h0-values from at 

least three tests of each mixtures. In addition, the corresponding standard deviations 

are included in the diagram. The undeformed height of the material body reduces 

with increasing water and foam content. Mixtures that were reported of above and 

that are missing here did not possess an undeformed part in their outer shape. The 

interpretation whether the shape is deformed or not is not always easy. In some 

tests, the resulting figure consists of a part, which apparently seems undeformed but 

it does actually not have the original dimensions (Figure 6-17). The samples 

containing low amounts of water and foam tend to dump in the upper part. This is 
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expressed by the high standard deviations. It impedes precise and reproducible 

testing at such stiff mixture compositions. 

 

Figure 6-16: Development of the undeformed height h0 of the slump body depending on 

water content w and FIR and standard deviations 

 

Figure 6-17: Slumped sample body consisting two different deformed shapes. Upper part 

does not exhibit initial dimensions. 

6.4 Analytical derivation of rheological parameters from slump 

tests 

According to PIAU (2005), ROUSSEL ET AL. (2005), ROUSSEL & COUSSOT (2005), a derivation 

of rheological parameters from slump tests is possible, however, the model 

deduction is highly dependent on the flow pattern. For low-viscosity fluids (i.e. large 

spread and large slump) a different analytical approach is necessary than for high-

viscosity fluids (i.e. low slump and small spread). As presented in chapter 3.3, the 

derivation of rheological parameters from the slump test in literature was founded 
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on two different flow regimes: the “slump regime”, which is characterised by both an 

undeformed and a deformed section in shape, and the “spread regime”, which is 

dominated by the slump flow measure and usually does not exhibit any undeformed 

shape. Basic assumptions for the analytical model in either case are: 

 Three-dimensional free surface flow 

 Rotation-symmetric around vertical axis 

 Inertia effects and influences from cone lifting are neglected 

 Material incompressibility and mass conservation 

The friction at the surfaces (cone, bottom plate) is dealt with individually. 

Since experience showed that – depending on the FIR – both regimes can be 

encountered in slump testing of soil-foam mixtures, models are presented covering 

the two possible flowout principles. First, an analytical approach is developed based 

on the works of CLAYTON ET AL. (2003), MURATA (1984), ROUSSEL & COUSSOT (2005), SAAK 

ET AL. (2004), SCHOWALTER & CHRISTENSEN (1998). It will be shown, that this model is 

mathematically not applicable for the whole range of expected slumps, particularly in 

the fully developed flow regime. This is why, the model according to ROUSSEL ET AL. 

(2005), ROUSSEL & COUSSOT (2005) is presented for the “spread regime” afterwards. 

Finally, the applicability of the models to soil-foam mixtures is reviewed and 

evaluated in chapter 6.4.2. Therefore, the experimental data is used, which was 

presented above. 

6.4.1 Theoretical models 

6.4.1.1 Slump regime 

Considering the material prior of slumping in shape of a conical frustum composed of 

cylindrical slices with thickness dz [m] and radius rx(z) [m], the single slices experience 

a particular loading state from the vertical stress on top, compare Figure 6-19. The 

underlying scheme with the origin of coordinates defined at the top and essential 

parameters for the approach are shown in Figure 6-18. The vertical stress pz(z) [Pa] 

on any horizontal layer at depth z of the conical frustum can be calculated from the 

dead weight Wz(z) [N] acting on the circular plane Axy(z) [m²] (Eq. 6.9). The dead 
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weight is dependent on the material volume V(z) [m³] and the material density ρ 

[kg/m³]. 

pz(z) =
Wz(z)

Axy(z)
=

ρ∙g∙V(z)

π∙rx(z)
2
 [Pa] Eq. 6.9 

with g the gravitational acceleration [m/s²]. The regarded volume of the conical 

frustum can be determined using Eq. 6.10 considering an increasing radius with 

increasing depth (Eq. 6.11). 

V(z) =
π

3
∙ z ∙ (rx(z)

2 + rx(z) ∙ rx,0 + rx,0
2 ) [m³] Eq. 6.10 

rx(z) =
z

H0
∙ (Rx,0 − rx,0) + rx,0 [m] Eq. 6.11 

with the initial measures H0 [m] (height of the conical frustum), rx,0 [m] (top radius), 

and Rx,0 [m] (bottom radius). Insertion of Eq. 6.10 into Eq. 6.9 leads then to Eq. 6.12. 

pz(z) =
ρ∙g

3
∙ z ∙ [1 +

rx,0

rx(z)
+

rx,0
2

rx(z)
2
] [Pa] Eq. 6.12 

Depending on the quantity of load, the material response will be either an elastic 

deformation or, if the stress state is high enough, plastic yielding. In rheology, this 

threshold is defined as yield stress. Multiple theories exist determining the yield 

 

Figure 6-18: Schematic principle and relevant parameters for the rheological model 

development 
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stress from a yield criterion, which relate the yield point to the stress condition. 

Depending on the presence of stresses, i.e. the stress state, the corresponding stress 

tensor can contain multiple stresses acting in several directions. For uniaxial stress 

(simple tension / compression) or pure shear conditions, the stress tensor can reduce 

to particular relationships between the yield stress and the present stresses in the 

regarded situation. All slump regime models present in the literature assume pure 

shear flow conditions. The models of MURATA (1984) and successors consider the yield 

criterion of Tresca. ROUSSEL & COUSSOT (2005) recommend using the yield criterion 

according to von Mises. The latter choice is supported also by FLATT ET AL. (2006). They 

approximated experimental data with models considering both yield theories and 

received a better fit with the von Mises yield criterion. PIAU (2005) generalised the 

selection of the yield criterion by introducing a parameter λ, which can be 

determined through experiments or numerical analysis. According to PIAU (2005), the 

yield behaviour has to be defined discretely for each material and its initial shape 

from which it is released to slump. Therefore, a general parameter λ is introduced 

here as proposed by PIAU (2005), too, resulting in a dependency of vertical and 

tangential stresses according to Eq. 6.13. 

τz(z) = λ ∙ pz(z) [Pa] Eq. 6.13 

For λ = ½, it complies with the theory of Tresca; λ = 1/√3 considers the von Mises 

criterion. However, at small shear stresses, the material behaves as elastic and does 

not show any perceptible deformations. If the yield criterion is overcome by the 

present shear stress, plastic flow is induced. After deformation, the material shape 

can be approximated by a bilinear form, which is described by the corresponding 

heights h0 [m] and h1 [m] for each section (Figure 6-18). h0 describes the height of an 

undeformed part (i.e. original cony shape), in which it can be assumed that the shear 

stresses induced by self-weight were not sufficiently large to initiate flow. The 

deformed section at the end of slumping is described by its height h1. The thickness 

of the slices in the yielded part will reduce to dz' [m] at termination of the slumping 

process while the radius increases to rx(z') [m] until an equilibrium state is achieved 

(Figure 6-19). 
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Figure 6-19: Sliced slumping behaviour: mass conservation before and after lifting of the 

cone due to incompressibility assumed 

Due to the assumptions of mass conservation and incompressibility as presented in 

the introduction above, the volume of a slice will remain constant (Eq. 6.14). 

dz ∙ π ∙ rx(z)
2 = dz′ ∙ π ∙ rx(z

′)2 ⇔ dz′ =
rx(z)

2

rx(z
′)2
dz [m] Eq. 6.14 

Integration over all slices of the height dz' in the deformed regime, which means 

between z = h0 and z = H0, leads to the height of the deformed section h1 (Eq. 6.15). 

h1 = ∫ dz′
H0

h0
= ∫

rx(z)
2

rx(z
′)2
dz

H0

h0
 [m] Eq. 6.15 

However, the shear stress acting on each slice will reduce continuously, which is due 

to the increasing circular area. An equilibrium state is reached again when the shear 

stress reduces to the yield stress τ0 [Pa]. 

τz(z) ∙ π ∙ rx(z)
2 = τ0 ∙ π ∙ rx(z

′)2 ⇔
rx(z)

2

rx(z
′)2
=

τ0

τz(z)
 Eq. 6.16 

Replacing the ratio of radii in Eq. 6.15 by the transformed expression of Eq. 6.16 and 

integration over dz results in the antiderivative computing the height h1 of the 

deformed part of the slump body (Eq. 6.17). It is dependent of the material density, 

its yield stress and geometrical parameters. 
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⇒h1 = ∫
τ0
τz(z)

∙ dz =

H0

h0

3 ∙ λ

ρ ∙ g
∙ τ0 ∫

1

z ∙ [1 +
rx,0
rx(z)

+
rx,0
2

rx(z)
2]

∙ dz

H0

h0

 

=
λ

ρ ∙ g
∙ τ0 ∙ [ln(rx,0

2 ∙ H0
3 + Rx,0 ∙ rx,0 ∙ H0

3 + Rx,0
2 ∙ H0

3) 

− ln(3 ∙ rx,0
2 ∙ H0

2 ∙ h0 − 3 ∙ rx,0
2 ∙ H0 ∙ h0

2 + 3 ∙ Rx,0 ∙ rx,0 ∙ H0 ∙ h0
2 

+(Rx,0 − rx,0)
2
∙ h0

3)] [m] Eq. 6.17 

For the slump cone geometry according to DIN EN 12350-2 (2009-08), the following 

relations apply: rx,0 =
1

6
∙ H0 and Rx,0 =

2

6
∙ H0. Introduced into Eq. 6.17, the formula 

for the height of the deformed region simplifies to Eq. 6.18. 

⇒h1 =
λ

ρ∙g
∙ τ0 ∙ [ln(7 ∙ H0

5) − ln(3 ∙ H0
4 ∙ h0 + 3 ∙ H0

3 ∙ h0
2 + H0

2 ∙ h0
3)]  

 [m] Eq. 6.18 

The main reference parameter recorded in slump tests however is the slump value S. 

It is the differential height between initial sample height H0 and residual height 

(h0 + h1) after termination of slumping (Eq. 6.19). The residual height needs to consist 

an undeformed section described by h0, otherwise the analytical model is not 

applicable; the second ln-term in Eq. 6.18 demands for a value of h0 unequal zero (h0 

≠ 0). 

S = H0 − h0 − h1 ⇔h1 = H0 − h0 − S [m] Eq. 6.19 

Insertion of Eq. 6.18 into Eq. 6.19 and conversion to the yield stress τ0 results in the 

final equation (Eq. 6.20) linking the recorded slump test parameters (S and h0) to 

rheological parameters (i.e. yield stress). 

τ0,slump =
ρ∙g∙(H0−h0−S)

λ
∙ [ln(7 ∙ H0

5)− ln(3 ∙ H0
4 ∙ h0 + 3 ∙ H0

3 ∙ h0
2 + H0

2 ∙ h0
3)]−1  

 [Pa] Eq. 6.20 
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According to ROUSSEL & COUSSOT (2005), surface tension between the bottom plate 

and the material is only important when the friction forces are bigger than the yield 

stress. This is particularly important when dealing with low-yield stress fluids, which 

form a large spread and exhibit a great contact face with the solid plane. CHAMBERLAIN 

ET AL. (2003) assume the friction to be of Coulombic nature. 

6.4.1.2 Spread regime 

The analytical model presented in the following was developed by ROUSSEL ET AL. 

(2005), ROUSSEL & COUSSOT (2005). A similar approach was considered also by PIAU 

(2005). Originally, this model was applied for cementitious pastes, but it shall be 

analysed whether an application on soil-foam mixtures with large slump values (fully 

deformed shape) is considerable, too. The relevant data, on which the approach is 

based, is shown in Figure 6-20. The origin of coordinates lies in the bottom centre. 

 

Figure 6-20: Underlying cone shape and relevant parameters for the analytical “spread 

regime” model of ROUSSEL & COUSSOT (2005) 

ROUSSEL ET AL. (2005), ROUSSEL & COUSSOT (2005) use the lubrication theory to describe 

the flow behaviour in the spread regime. This theory takes into account a rather low 

thickness h of the flowing material but a large extent in the flow distance R 

(h/R << 1). Considering pure shear flow conditions and of course, the other 

assumptions named above, the flow description thusly can be simplified to a one-
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dimensional flow problem. It is governed by the two equilibrium momentum 

equations Eq. 6.21 and Eq. 6.22, see BATCHELOR ET AL. (2000), PANTON (1984) for details. 

Equilibrium equation of momentum in z-direction: 

0 = −ρ ∙ g −
∂p

∂z
 [N/m³] Eq. 6.21 

Radial equilibrium equation of momentum: 

0 = −
∂p

∂r
+

∂τrz

∂z
 [N/m³] Eq. 6.22 

with h(r) the sample height distribution at stoppage [m], p the vertical pressure [Pa], 

and τrz the shear tress acting on the r-z-plane [Pa], here defined according to Eq. 3.6. 

The slumped material at stoppage is described by the run-out distance R [m] (or 

slump flow SF = 2∙R) and the sample height h(r) as a function of r [m]. It is assumed 

that the equilibrium conditions deduced from the lubrication theory are valid also for 

yield-stress fluids – soil-foam mixtures are hypothesised to exhibit yield-stress fluid 

behaviour here – and the pressure distribution is hydrostatic. The pressure is then 

obtained through integration of Eq. 6.21 and results in Eq. 6.23. 

p(z) = ρ ∙ g ∙ (h(r) − z) [Pa] Eq. 6.23 

Introducing Eq. 6.23 into Eq. 6.22 and integration over the fluid depth z leads to Eq. 

6.24 considering an equilibrium state of shear stress and yield stress at termination of 

flow (τrz = τ0, because γ̇ = 0). 

ρ ∙ g ∙ h(r)
dh(r)

dr
= τ0 [Pa] Eq. 6.24 

Repeated integration, now over r, gives an equation describing the material height 

(Eq. 6.25). 

h(r) = (
2∙τ0(R−r)

ρ∙g
)

1

2
 [m] Eq. 6.25 

Because of axis-symmetry, the form described by Eq. 6.25 represents a solid of 

revolution. Its volume can be calculated from volume integral over the maximum 

spread radius (r = 0 … R) and the circumference (θc = 0 … 2π). Thus, an expression for 
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the yield stress in dependence of the spread radius R (or the slump flow measure SF) 

can be found (Eq. 6.26) as well as a formulation considering the slump measure S (Eq. 

6.27), when h(r=0) is replaced by (H0 - S). 

τ0,spread,SF =
225∙ρ∙g∙V2

128∙π2∙R5
=

225∙ρ∙g∙V2

4∙π2∙SF5
 [Pa] Eq. 6.26 

τ0,spread,S = √
2π

15∙V
∙ ρ ∙ g ∙ (H0 − S)

5

2 [Pa] Eq. 6.27 

with V the sample volume [m³] and H0 the initial sample height prior to slumping [m]. 

As mentioned in the previous subchapter, frictional effects have to be regarded 

especially with fluids possessing a large boundary layer with the solid bottom plane 

and low yield stress. Hence, the actual yield stress is smaller than calculated Eq. 6.28. 

The difference is associated with changes in the interfacial energies between the 

different phases and depends on the factor β [-], which incorporates surface tension 

and the contact angle, see ROUSSEL ET AL. (2005). 

τ0,spread,SF,corrected =
225∙ρ∙g∙V2

4∙π2∙SF5
− β ∙

π∙SF2

4∙V
 [Pa] Eq. 6.28 

6.4.2 Application of the models to the test data 

As mentioned in chapter 6.4.1, the application of the analytical model for the slump 

regime is only valid for slump bodies that exhibit an undeformed section. Due to the 

containment of h0 in the ln-term, the mathematical model is otherwise undefined. 

However, the model for the slump regime shall be applied in the first place to the 

measurements from section 6.3. In cases where h0 equals zero (compare Figure 6-16), 

the model of the spread regime is used instead. Later, the validity of its application is 

checked. 

Figure 6-21 shows the calculated yield stresses from the analytical models for all 

investigated mixtures. λ is chosen to equal 1 √3⁄  (von Mises yield criterion); the 

discussion of adequacy is again revived in chapter 8.1.2. The slump values and slump 

flow values respectively introduced into the equations Eq. 6.20, Eq. 6.26 and Eq. 6.27 

are the mean values of the measurements for each soil-foam mix as already 

presented in chapter 6.3. Surface tension effects were neglected (β = 0) because the 

bottom plate was moistened for testing. Furthermore, the containment of 
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surfactants within the liquid phase is assumed to benefit the assumed perfect slip 

condition. 

Again, the results are depicted over the foam injection ratio. Dashed lines represent 

soil 2 (sand) and the continuous lines soil 1 (fine sand). The colouring stands for the 

different water contents. Data points in the shape of a star (*) and of a cross (x) were 

determined using the spread regime model. Dots represent outcomes from the slump 

regime model. In the range, where the slump regime model was applicable, the 

results from the spread regime model were left out. The differences between stars 

and crosses result from the fact, that the yield stresses calculated with the spread 

regime model depend on the formula applied; i.e. Eq. 6.26, in which the slump flow 

 

Figure 6-21: Yield stresses τ0,slump derived from analytical slump models for different soil-

foam-mixtures; no attribute: slump regime model (Eq. 6.20), attribute “SF”: 

spread regime model based on slump flow measure (Eq. 6.26), attribute “S”: 

spread regime model based on slump measure (Eq. 6.27) 
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SF is inserted, gives different results in comparison to Eq. 6.27, which incorporates 

the slump S. In the following, only the formulation based on the slump flow value is 

considered if not stated differently. Nevertheless, it is obvious that the calculated 

yield stresses decrease with increasing FIR for both soils. The same applies with 

respect to the water content. In the transition region between the application ranges 

of the two analytical models, a distinct offset in the course of the yield stresses is 

noticeable considering the stars. If some values within this section were left out for 

some reason, the evolution would shape continuous. In contrast, the crosses comply 

more with the ideal expectation for the further development. 

FLATT ET AL. (2006) did a comparative analysis of the approaches of MURATA (1984) and 

ROUSSEL ET AL. (2005), ROUSSEL & COUSSOT (2005). They applied the analytical models to 

experimental results flowout tests of cement pastes from cylindrical geometries 

(different aspect ratios). They found the approach of MURATA (1984) valid only for 

small spread values (SF ≤ 3∙R0; R0: initial bottom radius of the mould), while the 

results based on the model of ROUSSEL ET AL. (2005), ROUSSEL & COUSSOT (2005) were 

acceptable for spread values SF ≥ 4∙R0. The residual interim range of spread values 

was fitted empirically by an exponential function. 

The results in the present study show, that in most cases, when an undeformed 

section was present, the slump flow was smaller than 3∙R0 = 30 cm. The fundamental 

assumption in the analytical approach of ROUSSEL ET AL. (2005), ROUSSEL & COUSSOT 

(2005) is the application of the lubrication theory. This theory considers flow 

conditions with a considerable large radial extent while the thickness of the flowing 

medium is much smaller h (h/R << 1). Therefore, subsequently the ratio of material 

thickness hmax and radial extent Rmax at termination of the slumping process is 

analysed. Figure 6-22 shows this ratio hmax/Rmax for all mean measurements. The 

black borderline represents the limit ratio hmax/Rmax = 1. If actually the borderline 

ratio of hmax/Rmax = 1 is considered as recommended criterion of adequacy of the two 

models, the plot of yield stresses is the same as in Figure 6-21 because all measures 

without an undeformed section exhibit a ratio smaller than 1. However, the ratio 

should actually be much smaller than one according to theory. A reasonable course 

would be established, when hmax/Rmax ≤ 0.34 for soil 1 or even smaller with respect to 

soil 2. Corresponding slump flows are greater than 4∙R0. Thus, the findings of FLATT ET 

AL. (2006) could be confirmed. 
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Figure 6-22: Development of maximal material height hmax and maximum outflow radius 

Rmax after slumping; continuous benchmark: ratio of 1.0, dashed benchmark: 

ratio of 0.33 

Nevertheless, the gap in the interim range has to be closed, compare data points in 

Figure 6-23. Therefore, a mathematical formulation would have to be found, which 

adequately covers the range between values that were determined with the slump 

regime model and slump flow values greater than 40 cm. The exponential function as 

proposed by FLATT ET AL. (2006) cannot be assigned to the present data since it was 

developed for very low viscous cement pastes that were tested in the ASTM 

miniature cone. An application would lead to unreal values of τ0. This implies that an 

approximation function is material and geometry dependent. The function found 

most suitable for an interim range (h0 = 0 cm and hmax/Rmax ≥ 0.34) for soil-foam 

mixtures is still of exponential character as formulated in Eq. 6.29. 

τ0,interim,SF = 3,479.5 ∙ e
−0.078∙SF [Pa] Eq. 6.29 

Figure 6-23 shows the yield stresses calculated with the slump regime model (Eq. 

6.20) and/or the spread regime model (Eq. 6.26) within the range of their application 

over the corresponding slump flows. As it can be seen from Figure 6-23, the 

calculated yield stresses apparently coincide with one trend irrespective of the 

mixture composition. 
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Besides the discussion of model applicability conducted above, there is still the 

outcome of yield stresses from the spread regime model based on the slump value S. 

All values for τ0 determined with the S-based formula lead to a reasonable trend 

without any sudden jumps. However, the yield stresses are significantly smaller than 

for the SF-based equation. However, if these values are considered, the empirical 

model for the interim range based on the slump S results in Eq. 6.30, which is a 

second-order polynomial equation. Based on the coefficient of determination, R², the 

goodness of fit seems to be better (Figure 6-24). 

τ0,interim,S = 1.5069 ∙ S
2 − 81.523 ∙ S + 1,126.4 [Pa] Eq. 6.30 

Another aspect of discussion is the fundamental model assumption of 

incompressibility. When a compressible medium is considered, a volume expansion 

has to be regarded. Because of the decreasing acting stress on a layer during 

slumping, the material experiences relaxation. The expansion will take place in radial 

and vertical direction and thusly influence the slump and the spread measure. Hence, 

the presumed slices in the model at rest consist of a larger volume than in their initial 

state. In order to establish a relationship between the initial and ultimate state, the 

final volume has to be reduced by factor incorporating the fraction of expansion. 

Here, the simplification is assumed that the volume expansion occurs only in radial 

 

Figure 6-23: Yield stresses derived from slump models and empirical approximation for 

closing the interim division outside the range of applicability (h0 = 0 cm and 

hmax/Rmax ≥ 0.34) based on slump flow 
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direction. Hence, solely the radius is charged with the expansion factor αexp [-] and 

thusly, it is reduced to maintain volume balance as in Eq. 6.14. Volume equilibrium of 

layers before slumping (with thickness dz) and at the end of the slump process (with 

thickness dz') considering expansion is expressed by Eq. 6.31. 

dz ∙ π ∙ rx(z)
2 = dz′ ∙ π ∙ rx(z

′)2 ∙ (1 − αexp) ⇔ dz′ =
rx(z)

2

rx(z
′)2∙(1−αexp)

dz  

 [m] Eq. 6.31 

The volume growth is dependent on the volume of the compressible phase and the 

pressure difference before and after slumping. With respect to foam and foam-

conditioned soils, it can be determined based on Boyle’s Law with Eq. 6.32 taking into 

account the conditioning parameters FER [-] and FIR [vol%]. However, the ultimate 

acting pressures pz(z') [Pa] are a priori not known. 

αexp =
FER−1

FER∙(1+
1

FIR
)
∙
(pz(z)−pz(z

′))

p0
 [-] Eq. 6.32 

with p0 the atmospheric pressure (100,000 Pa). Back analysis – after calculating the 

yield stress – showed that the volume expansion ranges around 0.4 vol% for the 

 

Figure 6-24: Yield stresses derived from slump models and empirical approximation for 

closing the interim division outside the range of applicability (h0 = 0 cm and 

hmax/Rmax ≥ 0.34) based on slump 
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worst case scenario of the present samples (FER=15, FIR=80%) and is therefore 

considered negligibly small. The calculation is documented in the appendix chapter 

A.3.5. 
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7. RHEOLOGICAL TESTING OF SOIL-
FOAM MIXTURES USING 

ROTATIONAL RHEOMETRY 

Main goal of the present study is the rheological characterisation of soil-foam 

mixtures as used as EPB support material. In chapter 6, the focus was to derivate 

rheological parameters from simple index tests. In this chapter, information on the 

flow behaviour shall be gained through experiments that are more complex. The 

choice of adequate experiments requires both research on similar studies and a 

discussion on a sound description of necessary boundary conditions. Moreover, the 

potential for a well-grounded analysis of these experiments as well as the degree in 

complexity needs to be weighted from preliminary tests. Consequently, based on the 

extensive literature research in chapter 3.2, a set of pre-studies has been undertaken 

in order to find a suitable experiment permitting an assessment of the soil-foam 

rheology. Micro-scale investigations on similar materials will be consulted as 

benchmark for the analysis. Thereupon, suitable test methods, a testing programme 

and necessary boundary conditions will be defined for the main test series, that were 

ultimately selected. Test results will be presented and comprehensively analysed. 

Lastly, findings on the rheology of particle-foam mixtures from the several scales of 

investigation are compared and evaluated. 

7.1 Pre-studies 

As presented in chapter 3.2, a lot of experience on the rheology of colloidal 

suspensions could be found in literature from related disciplines. In various 

experimental approaches, emphases were diversified with respect to the different 

rheological characteristics. These approaches exhibited either a quantitative or a 

qualitative character, determining single parameters or overall flow attributes. 
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Generally, the type of material, particularly its grain-size distribution, determines the 

necessary setup regarding shearing gap, motor drive and surface texture. Aiming at 

modelling the flow pattern in the experiment, the applied model is very dependent 

on these physical factors. When assessing the flow behaviour of soil-foam mixtures, it 

is most likely that a suitable experiment needs to have a large gap distance (due to 

the grain-size; compare chapter 3.1.3.2) and rough surfaces in order to diminish slip 

effects (particularly with respect to the foam; see chapters 3.1.3.3 and 3.2.1). 

Additionally, a large volume of soil (i.e. low FIR) probably requires a drive, which is 

capable of producing high torques. At the same time, the motor should accurately 

transduce low shear rates to the material and the torque sensors should provide 

precise measurements even at low torques. It is expected that soil-foam mixtures 

cover a wide range of shear stresses depending on the shear range and the material 

composition. Thus, the best possible compromise has to be found between the 

applicability of the experiment to such granular material and the aspired flow field 

condition necessary for modelling its rheology. 

Within the research related to this thesis, two pre-studies were performed in order to 

gain first experience on the flow behaviour in rheometer setups and to develop a 

suitable experimental approach on the rheology of soil-foam mixtures. 

Under guidance of the author of this thesis, ALTUN (2011) worked with a rheometer of 

the type Schleibinger BT2 (Figure 7-1), see SCHLEIBINGER GERÄTE TEUBERT U. GREIM GMBH 

(2012a). This type of concrete rheometer works with a displacement flow, instead of 

a shear gap flow. It is composed of the rheometer unit and a bowl (volume of 20 L) 

with a shaft in its centre, into which the rheometer device is placed. The rheometer 

           

Figure 7-1: Concrete rheometer Schleibinger BT2; photograph (left) and system sketch 

taken from SCHLEIBINGER GERÄTE TEUBERT U. GREIM GMBH (2012a) 
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unit is turned by a hand rod on top. Thereby, two pins, which are connected to the 

unit and which dip into the testing sample, rotate on their distinct radial position 

through the material (Figure 7-1). The resisting force is measured at the pins at one 

hundred locations over one revolution (SCHLEIBINGER GERÄTE TEUBERT U. GREIM GMBH 

(2002)). In this way, considering the two different radii, two point clouds of torque 

data are generated. Based on SCHLEIBINGER GERÄTE TEUBERT U. GREIM GMBH (2002), the 

apparent rheological parameters can be estimated from the data by applying the 

Bingham model to the measurements (Figure 7-2). 

 

Figure 7-2: Principle of determining the Bingham flow curve from the data scatter 

(SCHLEIBINGER GERÄTE TEUBERT U. GREIM GMBH (2012a)) 

According to the manual, the turning speed of the hand rod is irrelevant for the 

determination of the flow curve. However, ALTUN (2011) showed a definite 

dependence in the results by synchronising the turning speed to several measuring 

profiles, i.e. different constant speeds. Nevertheless, ALTUN (2011) developed a 

testing procedure for an application of the rheometer device to soil-foam mixtures 

facilitating to some extent reproducible and comparative testing, which however did 

not contain any target times. He investigated a sand similar to soil 2 from the present 

study. The water content and the foam injection ratio were varied (w = 0…25 wt%, 

FIR = 0…40 vol%). Two reference mixtures were defined to w = 10 wt%, 

FIR10 = 10 vol% and w = 10 wt%, FIR20 = 25 vol% respectively. He filled 15 litres of 

material into the bowl and placed the bowl for 30 seconds on a vibrating table (50 Hz) 

for compaction. After positioning the rheometer unit on the bowl and initialising the 

device, ALTUN (2011) turned the hand rod manually and best possibly according to the 

profile shown in Figure 7-3. Over one quarter of the measuring revolution, he kept 
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the turning speed of the hand wheel constant at 25, 50, 75 and 100 rpm with the help 

of a metronome. Thus, he achieved multiple point clouds representing further 

significant marks of a potential flow curve. Moreover, the circumferential velocities of 

the pins could be maintained within the range of application according to the 

provided evaluation spread sheet, i.e. 0.01 to 0.15 m/s. 

Although ALTUN (2011) did not analyse the conversion of raw data into rheological 

parameters, some qualitative information on the rheology could be derived. The FIR 

and the concentration cf had a significant influence on the resisting torque (see Figure 

7-4 and Figure 7-5), which was measured in a range between 60 mNm (FIR = 40 vol%) 

and 3,000 mNm (FIR = 0 vol%; upper gaugeable limit). Furthermore, the data seemed 

to exhibit a constant slope in the torque-speed diagram. Thinking further, the latter 

information could indicate a constant shear stress-shear rate relationship and thus a 

Bingham fluid behaviour, compare chapter 3.1.2. However, the scatter is too big for 

an adequate fit of the data. 

In the meanwhile, the manual concrete rheometer was withdrawn from the market 

and it was replaced by an electronic version (“eBT-2”, see SCHLEIBINGER GERÄTE TEUBERT 

U. GREIM GMBH (2013)). Thus, it should be possible to drive explicit measuring profiles. 

It can be equipped with either cylinders or a ball measuring system, cf. FLEISCHMANN & 

KUSTERLE (2014). 

     

Figure 7-3: Standard operation procedure of Schleibinger Concrete Rheometer BT2 

according to ALTUN (2011) 
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Figure 7-4: Torque-speed diagram of sand-foam mixtures with different FIR determined 

with the concrete rheometer Schleibinger BT2 

 

Figure 7-5: Torque-speed diagram of sand-foam mixtures with different surfactant 

concentrations cf determined with the concrete rheometer Schleibinger BT2 
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In another thesis under guidance of the author, GESING (2013) used two rheometers, 

which are commonly applied in material science. One of them is the Fann® Model 35 

Viscometer (Figure 7-6; see FANN INSTRUMENT COMPANY (2013)). Its main field of 

application is in the drilling industry. Usually, oils or mud suspensions are investigated 

regarding their rheological parameters. It consists of a sample beaker with a volume 

of approximately 350 cm³, a cylinder-shaped rotor and a cylindrical bob with smooth 

surface within the rotor. Both rotor and bob are fixed to the rheometer and dip into 

the sample container. Thus, the testing material fills the gap between rotor and bob. 

The measuring principle is mechanical. The rotor moves at six destined speeds (3, 6, 

100, 200, 300, 600 rpm). Hence, it is only possible to test at constant shearing speeds, 

which can be varied stepwise, compare chapter 3.1.3.1. The shear force is transferred 

via the testing liquid to the measuring bob. The bob is deflected by means of taking 

over shear force. A dial shows the degree of deflection, from which the resisting 

torque and the shear stress respectively can be calculated according to FANN 

INSTRUMENT COMPANY (2013). The measurements have to be read visually and recorded 

manually. The working principle is illustrated in Figure 7-6. 

The same soils as in the present thesis were investigated both with a water content 

of 12 wt% and their respective FIR10 and FIR20. Besides a smooth cylindrical bob with 

reduced diameter, two additional bobs in shapes of a four- and a six-bladed vane 

were fabricated. Conversion of the raw data from the new measuring geometries into 

     

Figure 7-6: Fann® Model 35 Viscometer (left; FANN INSTRUMENT COMPANY (2013)) and 

schematic illustration of the working principle (API RECOMMENDED 

PRACTICE 13D (2010-05)); with: A: torsion spring, B: dial of deflection, C: 

rotating cylinder (rotor), D: measuring bob 
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rheological parameters was established based on DIN 4094-4 (2002-01). In general, 

the application of sand-foam mixtures in this rheometer was feasible. However, it has 

to be questioned, whether the gap distances of approximately 6 mm are large 

enough for the present soils to avoid significant grain-to-grain interactions. 

Furthermore, slip effects might occur on the smooth surfaces of the rotor and the 

cylindrical bob. It is uncertain, if the shear rate is applied appropriately to the 

material in the gap or if there are any losses. Nonetheless, shear stress data for the 

different materials at different shear rates was determined based on the measuring 

profile displayed in Figure 7-7. Thus, it was possible to generate rudimental flow 

curves. 

 

Figure 7-7: Measuring profile “Fann viscometer” for flow curve measurements with the 

Fann® Model 35 Viscometer according to GESING (2013) 

In spite of probable side effects, some basic information on the rheology of soil-foam 

mixtures could be gained. Therefore, only the measurements from the ascending part 

of the profile were analysed. Exemplary results are shown in Figure 7-8 and Figure 

7-9. Therein, the connecting lines are for better reading of the data. The general 

course of the data confirms the findings of the BT2 investigations as they followed 

largely a linear trend over the investigated shear range. The flow curves of soil 1 and 

2 covered a shear stress range between 0 and 200 Pa. The shear stresses of the vanes 

are lower compared to the shear stresses of the cylindrical bob. During testing, 

foaming effects were observed, which might be ascribed to the appearing shear 

energy. 
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Figure 7-8: Flow curves of fine sand-foam mixtures determined in the Fann® Model 35 

Viscometer with different measuring systems: cylindrical bob with smooth 

surface (Cyl), four-bladed vane (4-bl vane), six-bladed vane (6-bl vane) 

 

 

Figure 7-9: Flow curves of sand-foam mixtures determined in the Fann® Model 35 

Viscometer with different measuring systems: cylindrical bob with smooth 

surface (Cyl), four-bladed vane (4-bl vane), six-bladed vane (6-bl vane) 
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The second rheometer used in the thesis of GESING (2013) was the concrete 

rheometer Schleibinger Viskomat NT (Figure 7-10; see SCHLEIBINGER GERÄTE TEUBERT U. 

GREIM GMBH (2012b)). It is mainly applied to mortars and cement pastes in concrete 

engineering. The apparatus resembles a rotational rheometer of the Couette type 

(see chapter 3.1.3.2), where the sample cup rotates and the measuring system takes 

over the shear force but is not in motion (Figure 7-10). The rheometer features a 

liquid cooling system. Due to the geometries of the measuring systems, the appearing 

flow field is intricate and conversion of raw data into shear stresses and shear rates is 

not trivial. The analysis software of the manufacturer supports relative evaluation 

(e.g. torque over rotational speed) and absolute evaluation (e.g. shear stress over 

shear rate). For the lime paddle system, it is recommended to conduct only relative 

analyses for comparative testing (SCHLEIBINGER GERÄTE TEUBERT U. GREIM GMBH (2015a)). 

The setting of input values allows for numerous specifications. The tests can be 

steered either stress- or rate-dependent over a large value domain (torque: 0 to 

200 mNm, speed: 0.001 to 200 rpm; SCHLEIBINGER GERÄTE TEUBERT U. GREIM GMBH 

(2009)). Otherwise, the measurements and corresponding recordings are operated 

automatically. 

The same mixtures were investigated under the same temporal restraints and with 

the same measuring profile as in the previous investigations. Furthermore, 

(logarithmic) ramp profiles were applied to the testing materials in order to measure 

        

Figure 7-10: Schleibinger Viskomat NT (left) and working principle (SCHLEIBINGER GERÄTE 

TEUBERT U. GREIM GMBH (2012b)) 
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the resisting torque at continuously increasing rotational speed. However, it was 

hardly possible to examine soil-foam-mixtures with foam injection ratios smaller than 

100 vol%. In these cases, the resulting torques became too high and the rheometer 

aborted the measurements. Therefore, additional experiments were performed on 

tunnelling foam and increasing volume fractions of fine sand particles (FIR = 100, 200, 

300, 400, 500 vol%, and pure foam) maintaining the water content steady at 12 wt%. 

Even though possible conversion approaches of the raw data were not studied at that 

point, the torque measurements were assessed by apparent flow curve analysis. The 

FIR was determined to be a factor of high influence to the resting torque, which again 

complies with the BT2 tests and of course with several experiences from other soil 

conditioning research, compare chapter 3.2.3. And yet, a non-linear relationship was 

found between the torque and the applied rotation speeds. Due to the detailed 

setting options, it was possible to gain more responses at low turning speeds and at 

smaller intervals of data sampling than in the other pre-studies. The results had been 

approximated in multiple ways and resulting in good agreement between models and 

data, when applying a power-law description of the Ostwald-de Waele type (Figure 

7-11). If only the torques belonging to rotational speeds between 1 rpm and 10 rpm 

 

Figure 7-11: Relative flow curves (torque-rotational speed diagram) of fine sand-foam 

mixtures with changing particle content determined in the Schleibinger 

Viskomat NT 
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were considered, the mixtures exhibit a constant slope (Figure 7-12) similar to the 

results of the Schleibinger BT2 examinations. A linear description would here be more 

suitable for data fitting. 

In extended preliminary tests, the influence of particles on the rheology of foam was 

investigated using the Schleibinger Viskomat NT, too. Different types of particles 

(hollow and solid glass particles as described in chapter 4.3.4 and fine sand (soil 1)) 

were saturated with water and then mixed with shaving foam considering a foam 

injection ratio of 100%. These tests should provide general information on the 

rheological comparability of different particle-foam mixtures. Shaving foam was used 

in the experiments in order to ensure very limitedly altering foam quality parameters. 

The flow behaviour of all mixtures showed a similar, non-Newtonian, shear-thinning 

flow behaviour. However, the particular torque range depended on the respective 

type of particles. The fine sand-foam mixture exhibited the highest torques, while the 

glass particle-foam mixtures showed lower torques than the pure foam. This 

character is determined by the additional water (see chapter 7.2 for details). The 

results of the pre-study are shown in Figure 7-13. 

 

Figure 7-12: Extract (turning speed 1-10 rpm) from the torque measurements on fine-

sand-foam mixtures shown in Figure 7-11 
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Figure 7-13: Torque-rotational speed diagram of different particle-foam mixtures 

(FIR=100%) determined with the Schleibinger Viskomat NT (logarithmic ramp 

profile 0.001-100 rpm) 

Summarising the pre-studies, some significant findings could be determined in the 

experiments on the general flow pattern of soil-foam mixtures under the particular 

flow conditions. In all experiments, a non-Newtonian flow behaviour could be 

observed, although an adequate transformation of raw data into rheological 

parameters was not always accomplished. Furthermore, all setups exhibited 

advantages and disadvantages for an extensive and substantial application to soil-

foam mixtures (e.g. gap width, slip, torque range etc.). Nevertheless, differences in 

results could clearly be seen apart from any uncertainties that may have influenced 

them. Apparently, the material responds differently at low and high shear ranges. In 

order to gain basic information on the fundamental flow behaviour under different 

shearing conditions, the rheology of particle-foam mixtures shall be studied in micro-

scale investigations. Micro-scale rheometry features homogeneous shear conditions, 

which means that only laminar flow effects are present and the shear rate is steadily 

transferred to the material sample. Thus, a benchmark shall be found for the further 

study on the rheology of soil-foam mixtures and for a sustainable comparative 

analysis. 
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7.2 Micro-scale investigations on the flow behaviour of synthetic 

EPB support material 

Advanced rheological investigations are necessary for physically comprehending the 

rheological influence of adding foam to the soil. So far, the rheological behaviour of 

particle-foam mixtures has not been investigated intensely, compare chapter 3.2.3, 

particularly in the context of EPB tunnelling. The pre-studies on tunnelling-related 

soil-foam mixtures provided a first insight on the general flow pattern (chapter 7.1). 

However, a sound description of the rheology could not be established with the 

applied methods. Micro-scale experiments have been performed by ÖZARMUT ET AL. 

(2013), ÖZARMUT & STEEB (2015), THEWES & STEEB (2014) investigating the effective 

rheological parameters (yield stress, viscosity) of particle-foam mixtures. Taking the 

results of the micro-scale investigations as a reference flow behaviour, they are the 

foundation for later comparative analyses. The transfer of findings in the basic flow 

pattern through the different experiments and the comparison of the flow behaviour 

of the diverse material compositions represent the main objectives of the analysis. 

Micro-scale experiments require homogeneous testing configurations, most notably a 

small gap size ensuring purely laminar shear flow conditions. Because of their grain-

sizes, real soil-foam mixtures, which hitherto had been considered here, apparently 

cannot be investigated under these required conditions. Therefore, ÖZARMUT & STEEB 

(2015) used polymer-stabilised shaving foam (Gillette™) and solid glass particles 

(SiLibeads Glass beads Type S, see SIGMUND LINDNER GMBH (2012)) instead, see also 

chapter 4.3.4. Due to the foam’s increased lifetime and its characteristic length scales 

of the microstructure, it is a suitable replacement for the tunnelling foam in the 

experiments. The glass beads likewise exhibit adequate characteristic length scales 

and in addition, they possess uniform shapes and sizes. Since the morphology, i.e. the 

microstructure of the (particle-laden) foams, is important for effective rheological 

properties, it was characterised by applying light microscopy. The mean bubble 

diameter of the foam was determined to 51.80 μm and had a Gaussian-like 

distribution, cf. ÖZARMUT ET AL. (2013). The size of glass particles was chosen according 

to the mean diameter of the foam, see chapter 4.3.4 for details. Thus, the particle-

foam mixtures consist of a monodisperse microstructure. 
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The rheological tests performed on the substitute materials by ÖZARMUT & STEEB 

(2015), THEWES & STEEB (2014) were flow curve tests and oscillation tests. The particles 

in the mixtures were either dry or wetted to a certain saturation prior of mixing with 

foam. The different volume fractions of the constituents used in the experiments for 

both cases (dry / wet) are shown in Table 7-1 and Table 7-2. The tests were 

conducted using an Anton Paar MCR301 rheometer (Figure 7-14) equipped with a 

parallel plate measuring system, to which fine-grained sandpaper (P320) was glued 

reducing wall slip effects (see below). The gap width was set to 1.5 mm in all 

experiments. The rheological experiments were conducted at room temperature 

around 23.27 ± 1°C. Shear stresses were measured over a shear rate range between 

0.001 and 10 1/s with a logarithmic ramp profile. The test duration was 8 minutes. 

 

 

Figure 7-14: Rheometer Anton Paar MCR301 with plate-plate measuring system and 

sandpaper surface 

 

Table 7-1: Volume fractions of the constituents foam and dry glass particles used in flow 

curve tests with plate-plate configuration (modified from ÖZARMUT (2014)) 
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Table 7-2: Volume fractions of the constituents foam and wet glass particles used in 

flow curve tests with plate-plate configuration (modified from ÖZARMUT 

(2014)) 

 

 

The average results from flow curve testing of three samples are shown in Figure 7-15 

for the mixes containing dry particles and saturated particles. Rheological 

experiments could not be performed for high solid volume fractions. At volume 

fractions of greater 30%, the mechanical response of the mixture changed to a solid-

like material behaviour. ÖZARMUT & STEEB (2015) explained this with occurring 

adsorption processes of the liquid foam phase at the surface of the glass beads 

destroying the foam morphology and thusly, the particle-foam mixture. To overcome 

the adsorption phenomenon, the particles must be wetted prior of mixing with foam. 

The wetted particle mixes could be investigated up to a volume fraction of particles 

and water of 64% reflecting a foam injection ratio of 67%. The remark on “no yield 

stress” is linked to the non-sharp transition from unyielded to yielded conditions 

covered by the Herschel-Bulkley-Papanastasiou equation. 

  

Figure 7-15: Data of flow curve experiments on particle-foam mixtures (left) and particle-

water-foam mixtures (right) fitted with the Papanastasiou-Herschel-Bulkley 

model (modified from ÖZARMUT (2014), THEWES & STEEB (2014)) 

7
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The flow curve experiments on foams led to results similar to findings from former 

studies as presented in chapter 3.2.1; a non-Newtonian behaviour was determined. A 

similar behaviour appeared for the particle-foams. Interestingly, the tested mixtures 

exhibited a shear-thinning behaviour at low shear rates and a shear-thickening 

behaviour at high shear rates. The standard deviations were so small that the results 

could be rated material specific (THEWES & STEEB (2014)). Fitting of the obtained data 

was possible with models of the Herschel-Bulkley type but also of the power-law 

type, since the yield stress is generally very difficult to capture with high precision in 

flow curve experiments, see ÖZARMUT ET AL. (2013). However, the best possible fit was 

achieved using the modified Herschel-Bulkley model according to PAPANASTASIOU 

(1987) (see Eq. 3.8; ÖZARMUT & STEEB (2015), THEWES & STEEB (2014)). Thus, both shear 

ranges, low shear and high shear, could be well approximated. The resulting model 

parameters from regression analysis are summarised in Table 7-3 and Table 7-4. The 

fits were plotted as continuous lines into Figure 7-15. 

The regression coefficients show significant behaviours. The shape parameters m and 

p (p = 0.5) were constant for all experimental data sets. The Papanastasiou yield 

stress factor τ* decreases with increasing solid volume fraction and with decreasing 

foam content (FIR). ÖZARMUT (2014) established a functional relationship between τ* 

and the volumetric content of particles n0
s  [-] as depicted in Figure 7-16. 

Table 7-3: Adjusted parameters of the Papanastasiou-Herschel-Bulkley model from 

regression analysis for particle-foam mixtures of different volume fractions 

(ÖZARMUT (2014)) 

 

Table 7-4: Adjusted parameters of the Papanastasiou-Herschel-Bulkley model from 

regression analysis for particle-water-foam mixtures of different volume 

fractions (THEWES & STEEB (2014)) 
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Figure 7-16: Functional relationship of yield stress parameter τ* according to 

PAPANASTASIOU (1987) and particle volume fraction in the flow curve 

experiments (ÖZARMUT (2014)) 

Wall slip was investigated prior of the main test series through varying surface 

asperities of the plates. Based on the findings, later, the main tests were conducted 

with sandpaper-treated plates exhibiting a particle-size in the order of the mean 

bubble diameter (sandpaper type P320). Thus, the continuity of flow could be re-

established significantly, which results in increased shear stresses compared to 

smooth plates, see Figure 7-17. 

Currently, the experimental programme is extended in order to consider different 

conditions of backpressure (0 - 400 kPa), cf. THEWES & STEEB (2014). Therefore, a 

Searle type cup-and-bob configuration is installed into the rheometer with different 

surface asperities. The measuring system can be pressurised. Thus, the real 

conditions in the EPB excavation chamber shall be simulated. 

The findings from micro-scale flow curve tests on synthetic EPB material supported 

the observations of the pre-investigations of the present study. The material widely 

behaved like a non-Newtonian and shear-thinning fluid; it was described best by the 

generalised Papanastasiou-Herschel-Bulkley formulation. Depending of the degree of 

saturation, the immersion of particles into the foam affected the level of shear stress, 

but the general flow behaviour seemed to remain the same. 
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Figure 7-17: Flow curves of shaving foam from experiments with plate-plate system with 

and without sandpaper surface (ÖZARMUT (2014)) 

7.3 Macro-scale investigations on the flow behaviour of realistic 

EPB support material 

Based on the outcomes of the pre-studies and of the micro-scale investigations, the 

rheology of realistic tunnelling foam and of realistic soil-foam mixtures was 

investigated. The assessment is going to be described in detail in the following 

sections. 

The investigations were conducted using the rotational rheometer Anton Paar 

RheolabQC (Figure 7-18). Taking into account the state-of-the-art in testing colloidal 

suspensions and other granular media and considering the experience from the own 

pre-studies, two measuring configurations were chosen for the main rheological test 

series. First, the flow behaviour was assessed using the rheometer with concentric 

cylinder configuration (chapter 7.3.1) and then, the testing programme was extended 

by measurements with a ball measuring system (chapter 7.3.2). After that, a 

comparative analysis will be conducted considering the results of the multiple scales 

and experiments (chapter 7.4). 
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7.3.1 Concentric cylinder system 

7.3.1.1 Setup and calibration 

The coaxial cylinder system used was of the Searle type and consisted of the cylinder 

“CC27” (diameter of 26.7 mm) and the corresponding cup (diameter 28.9 mm). 

Hence, the present gap width between the sample container and the measuring 

system was 1.1 mm. The system dimensions accorded to the recommendations given 

in DIN 53019-1 (2008-09). The testing temperature could be regulated very precisely 

using a Peltier cooling system. All components are shown in Figure 7-18. 

The calibration of the device was checked with a special calibration oil (see chapter 

4.3.4 for details). Furthermore, comparative tests were executed on the rheometer 

applied in the micro-scale experiments and the present rheometer using the same 

fluids (calibration oil, bentonite slurry, high-density limestone slurry, shaving foam) 

and measuring systems (CC27). All measurements were congruent with each other. In 

this way, it was ensured that obtained data was reliable. 

  

Figure 7-18: Rheometer Anton Paar RheolabQC with Peltier cooling system; right: 

concentric cylinder system CC27 

7.3.1.2 Testing procedure and experimental programme 

Aim of this investigation was a comparative analysis of synthetic materials and 

realistic (particle-laden) foams. Therefore, pure foams (shaving foam and tunnelling 

foam) and mixtures consisting of both substitute and realistic foams had been tested 

under the same conditions. However, the investigation of soil-foam mixtures was 

constrained. According to DIN 53019-1 (2008-09), the particle-size should be limited 

cylinder

sample cup
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to one fifth of the gap size in order to maintain homogeneous shear flow conditions. 

Considering the present gap width of the concentric cylinder system, this meant that 

the maximum allowance for the grain-size was 0.22 mm. With respect to the soils 

regarded in this study, only soil 1 with a maximum grain-size of around 0.25 mm was 

acceptable. The mixtures that were intended for investigation with both shaving 

foam and tunnelling foam are displayed in Figure 7-19. The material compositions 

were chosen identically to the study in chapter 6. 

Testing was executed applying a logarithmic ramp profile with shear rate increases 

from 0.01 to 1,000 1/s. The reference temperature in the Peltier cooling system was 

defined to 20±0.1°C. 

 

 

Figure 7-19: Experimental programme for flow curve tests on fine sand-foam mixtures 

using a concentric cylinder measuring system 
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7.3.1.3 Test results and analysis 

 Foams 

Looking at the flow curves of the pure foams (Figure 7-20), a similar flow behaviour 

could be determined for shaving and tunnelling foam, although pure shaving foam 

evokes higher shear stresses than the pure tunnelling foam at same shear rates. This 

difference certainly results from the basic constitutions of the foams. Compared to 

tunnelling foam, shaving foam consists of a considerably higher share of stabilisers. 

Cells and lamellae are also much smaller, which hinders destabilising effects. 

 

Figure 7-20: Flow curve data of shaving foam and tunnelling foam using a concentric 

cylinder configuration 

Curve fitting was possible using the established non-Newtonian model functions. The 

application of the Papanastasiou-Herschel-Bulkley model as proposed by ÖZARMUT & 

STEEB (2015) led not to a significant melioration in fitting the flow curve data in 

comparison to the simple Herschel-Bulkley model. The coefficients of determination 

from the regression analysis were very similar to each other. Curve fitting for the 

shaving foam resulted in a zero yield-stress condition, while for the tunnelling foam, 

an inclusion of a small yield stress value enhanced the data fit slightly (higher R²). The 

resulting formulas describe the flow curves of shaving foam (Eq. 7.1) and tunnelling 

foam (Eq. 7.2) in the concentric cylinder setup. 
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τ = 0.73 ∙ γ̇0.69 + 1.00 [Pa] R² = 0.99 Eq. 7.1 

τ = 39.60 ∙ γ̇0.32 [Pa] R² = 0.99 Eq. 7.2 

 Soil-foam mixtures 

The first and most significant result for the particle-foam mixtures was detected 

already during the test preparations. Fine sand-foam mixtures with foam injection 

ratios lower than 70% could not be investigated in the concentric cylinder system 

independent of the type of foam. Once the material was inserted into the cup, it was 

impossible immersing the measuring cylinder into the sample because it was too stiff. 

Mixtures containing less water were not investigable even at higher FIR. With respect 

to the experience from slump testing on the same mixtures in chapter 6.3.1, fine 

sand-foam mixtures suitable as support material in EPB tunnelling (i.e. slump range of 

10 and 20 cm) cannot be investigated in the standard cylinder measuring system as it 

was intended using here. Nevertheless, the remaining mixtures should still be 

analysed in order to make a comparison between the micro-scale and the macro-

scale findings possible. 

Generally, the flow curves of all mixtures showed a non-linear relation between shear 

stress and shear rate. Thus, the materials can be classed non-Newtonian. At high 

shear rates, the flow pattern was similar to the observations made in the pre-studies 

and in the micro-scale investigation. However, the flow behaviour differed greatly 

from the micro-scale observations at low shear-rates. Additionally, the flow curves 

revealed important impacts from the setup due to slip effects, especially for the fine 

sand-foam mixtures. A treatment of the bob and cup surfaces similar to the plate-

plate configuration was not feasible, which is why a quantitative recognition of 

present slip effects was not possible so far. Nevertheless, it seemed obvious that slip 

effects were present in the experiments. Comparing the present flow curve data and 

the findings from the micro-scale investigations, a flow behaviour like the one 

obtained with the plate-plate geometry without sandpaper (Figure 7-17) was 

determined. The results are shown in Figure 7-21 (shaving foam) and Figure 7-22 

(tunnelling foam). Therein, the flow curves of the pure foams are also depicted again. 

The behaviour of the different mixtures are presented in the following in more detail. 
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Figure 7-21: Flow curve data of shaving foam and fine sand-shaving foam mixtures with 

different water contents and foam injection ratios using a concentric cylinder 

configuration 

 

 

Figure 7-22: Flow curve data of tunnelling foam and fine sand-tunnelling foam mixtures 

with different water contents and foam injection ratios using a concentric 

cylinder configuration 
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Among the particle-foam mixtures, the flow behaviour was comparable, too. For 

shear rates larger than 10 1/s, even the magnitude of shear stresses was to some 

extent the same for both foams. Below this shear rate, the flow behaviour in fact was 

still similar, but the shear stresses of the shaving foam-based sand mixtures were 

considerably smaller. Additionally, a decrease in shear stress was observable over the 

low-shear range before shear stresses increased again for all mixtures. The filling 

process of the rather small cup, the homogeneity of the mix and air entrapments 

could be comprehensible reasons for this initial fall in shear stress. Air entrapments 

cannot completely be avoided as well as settling of the material once the rotor 

accelerates. Although this course probably would reduce the quality of fit of 

established flow curve models, this data was considered in the analysis because it 

seemed characteristic for all mixtures. At shear rates > 300 1/s, a sudden drop was 

observable for some shaving foam-based mixtures. Most probably, this effect can be 

explained by wall slip at the material-system interface. A minimum interlink is 

required to perpetuate sufficient friction and by this, to enable an adequate force 

transmission. Affected data beyond this extraordinary drop was excluded from the 

analysis. Both effects did not occur for the pure foams. 

Comparing the flow curves of foams and particle-laden foams, another significant 

difference was found out. While the flow curve of pure tunnelling foam ranges 

considerably below its corresponding fine sand-tunnelling foam mixtures, the shaving 

foam ranges within the whole bandwidth covered by the fine sand-shaving foam 

mixtures. The influence of soil particles and water is opposing with respect to the 

shaving foam’s material behaviour. The soil moisture reduces the shaving foam’s 

viscosity, while the particles support its rigidity. At a particular composition, the 

particles had a greater influence as the water content. This effect was not detectable 

for the tunnelling foam.  

Independent of the type of foam, the influences of water and foam on the test results 

were of different degrees. A comprehensive difference in results from altered FIR at 

constant water contents was not observable, which was contrary for the influence of 

the water content. The small sample volumes that had to be used in the experiments 

can explain this effect. A change in FIR of 10 vol% made a weight-specific difference 

of approximately 0.4 g of foam. Alterations in the foam quality and the measuring 

preciseness of the scales (0.1 g) are much more significant at such small volumes. For 
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comparison: a change in water content by 2 wt% equalled a difference of 2 g. For 

further analyses, the FIR was excluded from the examination and for comparison, 

only the mixtures with a FIR of 100% were considered. The flow curves for both foam 

types are shown in Figure 7-23. Thus, the flow curves can be compared more easily. 

The data course was not as strongly of sigmoidal character as it was determined in 

the micro-scale investigations. Therefore, again, curve fitting was conducted using 

the Herschel-Bulkley model instead of the generalised Papanastasiou-Herschel-

Bulkley model, since there was no benefit in applying a mathematically more complex 

model. 

The formulation describing the whole data family resulting from non-linear 

regression analysis is shown in Eq. 7.3. The influence of FIR is neglect as mentioned 

above. The application to the data is shown in Figure 7-24.  

τCC27 = (185.583 − 11.015 ∙ w) 

+(−2.074 + 0.302 ∙ w) ∙ γ̇(1.492−0.064∙w) [Pa] Eq. 7.3 

 

 

Figure 7-23: Flow curve data of tunnelling foam and shaving foam and fine sand-foam 

mixtures with different water contents and FIR=100% using a concentric 

cylinder configuration 
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Figure 7-24: Average flow curves from concentric cylinder rheometry on fine sand-foam 

mixtures and fitting with Herschel Bulkley model considering the water 

content w 

7.3.2 Ball measuring system 

The ball measuring system (BMS) was developed for rheological investigations on 

suspensions consisting large particles. MÜLLER ET AL. (1999) applied the BMS to 

cementitious pastes like plasterings in order to perform flow curve tests on granular 

media. SCHATZMANN ET AL. (2009) investigated the flow behaviour of debris flow 

material. An investigation of this material in standard rheometers is not feasible. 

Therefore, they studied the application of the BMS to debris material in comparison 

to other large-scale rheometers. In the process of developing a suitable conversion 

theory of the system parameters into effective rheological parameters, MÜLLER ET AL. 

(1999) and SCHATZMANN ET AL. (2009) chose different approaches. In the following, the 

theoretical background shall be explained, before the application of the BMS to the 

own investigations is discussed. 

7.3.2.1 Theoretical background 

MÜLLER ET AL. (1999), TYRACH (2000) assessed the rheological parameters by a 

dimensional analysis of the flow occurring in the BMS by means of the Buckingham-Pi 

theorem (BUCKINGHAM (1914)). All essential system parameters are shown in Figure 

7-25. Based on the sphere Reynolds number Re (Eq. 7.4) and a dimensionless drag 
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coefficient cD (Eq. 7.5), which consider a projected area Asphere [m²] of the sphere with 

diameter dSphere [m], they determined a system number C (Eq. 7.6). 

Re =
ρ∙v∙dSphere

η
=

ρ∙2π∙LSphere∙N∙dSphere

η
 [-] Eq. 7.4 

cD =
FD

1

2
∙ρ∙v2∙Asphere

=
M
LSphere
⁄

1

2
∙(2π∙LSphere∙N)

2∙
π∙dSphere

2

4
∙ρ

=
2

π3∙LSphere
3 ∙dSphere

2 ∙ρ
∙
M

N2
  

 [-] Eq. 7.5 

C = Re ∙ cD =
4

π2∙LSphere
2 ∙dSphere∙η

∙
M

N
 [-] Eq. 7.6 

The drag coefficient incorporates the force FD [N], the fluid density ρ [kN/m³], the 

fluid viscosity η [Pa∙s], the radius of the circular path (eccentricity of the sphere from 

the axis) LSphere [m], and the trajectory sphere velocity v [m/s] (or the turning speed N 

[1/s] respectively). For Newtonian fluids in creeping flow conditions (Re < 1), Stokes 

derived a solution for C equal to 24. Thus, the system-dependent torque (M1) can be 

determined. TYRACH (2000) considers an additional torque due to self-rotation of the 

sphere (M2) as proposed by BERKER (1963). Due to its diameter, the drag force acts on 

the sphere with a slight eccentricity from the circular path. Hence, it might be 

reasonable to take into account this share of the torque. However, BERKER (1963) 

considered this torque originally for a free falling sphere in a liquid. The total torque 

M affecting the sphere can be calculated by using (Eq. 7.7). 

 

Figure 7-25: System sketch of the ball measuring system according to TYRACH (2000) 

LSphere

dSphere

η, ρ

M, N
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M = M1 +M2 = 6 ∙ π
2 ∙ dSphere ∙ LSphere

2 ∙ η ∙ N + 2 ∙ π2 ∙ dSphere
3 ∙ η ∙ N  

 [-] Eq. 7.7 

Because of the additional torque, the system number C changes in its solution from 

24 to Eq. 7.8. 

C = 24 + 8 ∙
dSphere
2

LSphere
2  [-] Eq. 7.8 

For the conversion of raw data into rheological parameters, a linear relationship was 

assumed between torque and shear stress and between turning speed and shear 

rate. The conversion factors were determined from calibration tests on silicon oil 

with pre-defined viscosity and taking into account Eq. 7.6 and Eq. 3.3. In the 

calibration tests, deviations from the theoretically expected system number 

occurred. TYRACH (2000) explained this deviation with the influence of the sphere 

holder, which was neglected in the analytical approach. Overall, the approach was 

limited to laminar flow conditions (Re < 1.0). 

SCHATZMANN (2005), SCHATZMANN ET AL. (2009) developed another approach for the 

same system because they wanted to involve flow conditions of higher Reynolds 

numbers (Re > 1) into the approach. Using the same measuring device, they 

approached the system number for the flow pattern around the sphere by the 

Metzner-Otto theory (see METZNER & OTTO (1957)). The research of METZNER & OTTO 

(1957) dealt with the agitation of fluids by mixing rods (propellers). That means, this 

assessment does not see the sphere as resistant body within a streaming fluid, but 

the sphere agitates the fluid. This behaviour is summarised in the Newton number Ne 

(Eq. 7.9) instead of the drag coefficient as before. Finally, again a system number 

(now C1) was determined considering the product of the sphere Reynolds number 

(Eq. 7.4) and the Newton number similar to the approach of TYRACH (2000), see (Eq. 

7.10). 

Ne =
P

ρ∙dSphere
5 ∙N3

=
2∙π

ρ∙dSphere
5 ∙

M

N2
 [-] Eq. 7.9 

where P is the stirring power [Nm/s]. 
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C1 = Re ∙ Ne =
4∙π2∙LSphere

dSphere
4 ∙η

∙
M

N
 [-] Eq. 7.10 

In calibration tests, using a Newtonian silicon oil, the system number C1 was 

determined empirically. It was constant for Re < 1.0 as by TYRACH (2000), and for 

Re > 1, the system number occurred non-constant. SCHATZMANN (2005) described this 

range by a polynomial function. 

In addition, the approach of SCHATZMANN (2005), SCHATZMANN ET AL. (2009) was 

intended to be valid also for non-Newtonian fluids. Therefore, the calibration had to 

be carried out on non-Newtonian fluids, too. This demanded a modification of Eq. 

7.10. As mentioned in chapter 3.1.2, the viscosity of these types of fluids is usually 

not constant; it is shear rate-dependent. By replacing η with the Ostwald-de Waele 

viscosity (compare Eq. 3.5), a non-Newtonian relationship was established between 

the BMS turning speed and the rheological parameters k [Pa∙s] (viscosity parameter) 

and p [-] (shape factor), see Eq. 7.11. 

γ̇ = (
4∙π2∙LSphere

C1∙dSphere
4 ∙k

∙
M

N
)

1

p−1
 [-] Eq. 7.11 

The calibration was achieved by determining effective rheological parameters (i.e. 

yield stress, viscosity, and shape parameter) in cone-plate and plate-plate rheometers 

and introducing them into the modified equation above. For this purpose, 

SCHATZMANN (2005) used a polymer solution as power-law fluid and suspensions of 

debris with different grain-sizes as yield stress fluids. However, in this way, the 

system number was a priori still not known because the Reynolds number was not 

identified for the effective shear rate. Hence, first, an estimation for an initial 

Reynolds number was necessary, which SCHATZMANN (2005) selected based on the 

work of ATAPATTU ET AL. (1995), followed by an iterative post-process until the 

Reynolds number either achieved a value smaller 1.0 (C1 is constant there) or 

converged to a specific value, see SCHATZMANN (2005) for details. Additionally, for 

yield stress fluids, it was necessary to check, if yielding was induced. Therefore, a 

yield criterion was introduced verifying if the acting forces were sufficient to 

overcome the yield stress. 

In this manner, fluid-dependent relationships were found between the 

measurements (torque, rotational speed) and the shear rate. Finally, a conversion 
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factor for the torque into shear stress had to be found from the calibration tests by 

data fitting. The conversion factors were determined dependent on both the fluid 

type and the Reynolds number. 

The BMS available for the Anton Paar RheolabQC, which was used in this study, 

founds its conversion factors on the approach of SCHATZMANN (2005), SCHATZMANN ET 

AL. (2009). The standard setup factors CSR (shear rate) and CSS (shear stress) in the 

rheometer system are the ones for yield stress fluids. The default testing profile for 

the BMS incorporated in the operating software is defined according to the 

procedure used by MÜLLER ET AL. (1999), TYRACH (2000). 

7.3.2.2 Setup and calibration 

The rheometer used for the investigations was the same as described before. The ball 

measuring systems were similar to those used by MÜLLER ET AL. (1999), SCHATZMANN 

(2005), SCHATZMANN ET AL. (2009), TYRACH (2000). The BMS consisted of a sample cup 

with a volume of approximately 500 ml and of an eccentrically positioned ball with 

the following diameters: dBMS08 = 8, dBMS12 = 12, dBMS15 = 15 mm as rotor (Figure 7-26). 

The eccentricity depended on the system used: LBMS08 = 38 mm, LBMS12 = 37 mm, 

LBMS15 = 35 mm. The immersion depth could vary based on the altitude of the sample 

container, which the user could regulate manually. Here, the depth of immersion was 

selected to equal the middle height of the container. Temperature regulation was not 

possible. 

   

Figure 7-26: Rheometer with ball measuring system (BMS); right: BMS with different ball-

sizes and eccentricities 
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Calibration was performed with several different fluids (calibration oil, bentonite 

slurry, shaving foam; see chapter 4.3.4) based on concentric cylinder flow curve tests. 

The conversion factors for the calculation of shear rate and shear stress in the 

different BMS were determined for the different fluids based on the procedure of 

SCHATZMANN (2005), see above. Contrary to his investigations, the system number was 

not found to be constant for the calibration oil for Reynolds numbers smaller 0.1 

(Figure 7-27) but within the range of 0.1 to 2.91 (BMS08) / 4.13 (BMS12) / 4.94 

(BMS15). 

In the same range, the relationships between shear stress and torque was constant, 

too, which again corresponds to the observations of SCHATZMANN (2005). Therefore, 

only this range was later referred to for analysing suitable fluid-dependent 

conversion factors. The detected conversion factors are summarised in Table 7-5. 

Partially significant deviations occurred compared to the factors of SCHATZMANN 

(2005). Moreover, the conversion factor CSS was almost the same for all fluids. 

Regarding the ease of application of the BMS in rheometrical studies, average CSS 

values were created and applied in the tests. 

 

 

Figure 7-27: Relation of the system number C1 and Re for the three different BMS for 

calibration oil; C1 was detected constant for Re > 0.1 (red borderline) 
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Table 7-5: Conversion factors determined in BMS calibration tests; *conversion factors 

according to SCHATZMANN (2005) 

Fluid type  CSR [-] CSR* [-] CSS [-] CSS* [-] 

Newtonian fluid 

(calibration oil) 

BMS08 

BMS12 

BMS15 

28.7 

18.1 

13.8 

25.6 

25.6 

22.8 

16.4 

9.3 

6.9 

18.5 

14.9 

12.6 

Power-law fluid 

(shaving foam) 

BMS08 

BMS12 

BMS15 

28.7 

18.1 

13.8 

25.6 

25.6 

22.8 

16.4 

9.3 

6.9 

18.5 

14.9 

12.6 

Yield-stress fluid 

(bentonite slurry) 

BMS08 

BMS12 

BMS15 

28.7 

18.1 

13.8 

25.6 

25.6 

22.8 

16.4 

9.3 

6.9 

22.8 

15.0 

10.7 

 

7.3.2.3 Testing procedure and experimental programme 

The operating software of the rheometer provides a default testing routine, which is 

based on the works of SCHATZMANN (2005), TYRACH (2000). The shear rate is 

logarithmically increased over three decades of shear rate within one revolution 

(345°). For instance, for the BMS08, the shear rate range is from 0.1 to 100 1/s. This 

routine was revised for the present study. Firstly, the testing profile should allow 

several rounds to turn and secondly, the region, where the ball was immersed, should 

be spaciously excluded from data sampling. The material structure is disturbed by the 

sphere immersion. Hence, the measuring profile had to be adjusted in such a way, 

that the ball finishes one complete revolution (360°) avoiding measurements in a 

certain range close to the point of immersion (Figure 7-28). This zone was defined to 

one diameter before and after. The repeated turning through the material, should 

provide information on the development of the flow curve from unsheared to 

sheared material conditions. The total measurement consists of six revolutions, 
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whereof the first round (unsheared condition) is compared to a representative 

average flow curve of rounds 2 - 6 (sheared conditions). The relevant information on 

the final operation procedures for the different BMS (BMS08, BMS12, BMS15) are 

summarised in Table 7-6 to Table 7-8. 

The testing programme was the same as for the slump tests presented in chapters 6.2 

(Figure 6-6). All mixtures were investigated with the three ball systems. The sample 

preparation was as proposed in chapter 4.3.3. Once the soil-foam mixture was 

generated, the material was filled into the sample cup. The cup was then placed on a 

Haegermann table and impacted by 15 hits for compaction purposes. After that, the 

surface was cut straight with the aid of a ruler and the sample was positioned in the 

rheometer. The ball was immersed into the sample 60 seconds before start of testing 

(Step no. 4 in Table 4-2). Details on the test setup and a precise description of the 

testing procedure can be found in chapter A.4.1. 

 

 

 

Figure 7-28: Scheme of the adjusted testing profile for BMS-measurements 

αα
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Table 7-6: Relevant information on the adjusted BMS08 testing profile 

Table 7-7: Relevant information on the adjusted BMS12 testing profile 

Table 7-8: Relevant information on the adjusted BMS15 testing profile 

 Section 1 
Section 2 

(measuring range) 
Section 3 

No. of data points 4 31 1 

Speed [1/min] 
Nmin = 0.0678 

(const.) 

N = 0.0678 … 67.8 

(log. ramp) 

Nmax = 67.8   

(const.) 

Sampling time [s] 11.52 (const.) 4…0.78 (log.) 0.046 (const.) 

 Section 1 
Section 2 

(measuring range) 
Section 3 

No. of data points 4 31 1 

Speed [1/min] 
Nmin = 0.0647 

(const.) 

N = 0.0647 … 64.7 

(log. ramp) 

Nmax = 64.7   

(const.) 

Sampling time [s] 19.32 (const.) 4…0.78 (log.) 0.077 (const.) 

 Section 1 
Section 2 

(measuring range) 
Section 3 

No. of data points 4 31 1 

Speed [1/min] 
Nmin = 0.061 

(const.) 

N = 0.061 … 61.0 

(log. ramp) 

Nmax = 61.0   

(const.) 

Sampling time [s] 25.61 (const.) 4…0.78 (log.) 0.102 (const.) 
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7.3.2.4 Test results and analysis 

 Soil-foam mixtures 

Reconsidering the experiences from the pre-studies and the concentric cylinder 

investigations, either methods were not suitable to test EPB-relevant soil-foam 

mixtures or conversion of raw data into rheological parameters was difficult. With 

respect to the resulting torques, all soil-foam mixtures could be investigated with the 

ball measuring system, except for a rather small number of samples. The mixtures, 

which could not be tested in the rheometer, were of minor interest to the study, 

since they exhibited slumps outside the range of suitable workability (slump < 10 cm). 

Considering the conversion approaches of TYRACH (2000) and SCHATZMANN (2005) for 

the BMS data, the BMS setup apparently meets the requirements for testing and 

analysing the rheology of EPB-related soil-foam mixtures. 

The material in the excavation chamber of an EPB shield is continuously impacted 

and agitated by the construction elements of the machine such as the cutting wheel, 

the cutting tools, mixing elements (stators, rotors) or the screw conveyor. This 

material state is represented by the average flow curve from the measurements of 

rounds 2 - 6, which is compared to the flow curve resulting from the first ball 

revolution representing the material condition at rest. In Figure 7-29, the course of 

shear rate is exemplarily shown for a soil-foam mixture consisting of soil 2 with a 

water content w = 6% and a foam injection ratio FIR = 20% for all six rounds. Clearly, 

the resulting shear stress was the highest for round number one. After that, the shear 

stress response was less. Then, the differences between the single rounds (2 - 6) were 

much smaller. This pattern can be explained with the material flow after the passage 

of the sphere. The sphere path was not completely filled anymore once the 

measuring system passed. Hence, in the next round, the ball actually struck a 

disturbed material zone. 

For mixtures consisting of higher contents of water and foam, the discrepancy 

between round number 1 and the other rounds became comparatively less 

significant, compare Figure 7-30. For further analysis, only the average flow curves of 

rounds 2 - 6 will be considered because the corresponding material condition is closer 

to the physical state in the EPB excavation chamber. The spread of data will be 

represented by the standard deviation. 
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Figure 7-29: Flow curve data of a sand-foam mixture with w = 6% and FIR = 20% in the 

BMS 12: difference in shear stress magnitude between round 1 and rounds 2 -

 6 

 

Figure 7-30: Flow curve data of fine sand-foam mixtures with w = 12% and increasing FIR 

(50% - 100%) in the BMS 15: difference in shear stress magnitude between 

single ball revolutions 
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Results are exemplarily shown for soil 1 and BMS 12 in Figure 7-31 to Figure 7-36. 

Data of all other experiments can be found in the appendix in chapter A.4.3.1. 

Qualitatively, the course of data was the same for all samples. The increase in shear 

stress was very small at low shear rates. Only at high shear rates, the increase was a 

little more significant. Water content and foam injection ratio had a major influence 

on the magnitude in shear stress. Analysis of the flow behaviour was conducted 

based on the findings from the concentric cylinders system with both the Herschel-

Bulkley model and the Bingham model. Of course, data fitting was improved using 

the Herschel-Bulkley model compared to the Bingham model because the number of 

regression variables is larger. However, analysis of the main regression parameters τ0 

and k was enhanced with respect to rheology. Thus, the Herschel-Bulkley model 

described the data mathematically more suitably while the Bingham model enhanced 

physical interpretation (plausibility) of the data. For detailed analysis of the results, 

the Bingham model was chosen again for an evaluation of the viscosity and the yield 

stress depending on the characteristic material parameters w and FIR. Similar 

assumptions for the flow behaviour of soil-foam mixtures were made by MENG ET AL. 

(2011), VENNEKÖTTER (2012). 

 

Figure 7-31: Average flow curve data of fine sand-foam mixtures with water content w = 

2% and increasing foam content (BMS12, rounds 2 - 6); curve fitting with 

Bingham model 
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Figure 7-32: Average flow curve data of fine sand-foam mixtures with water content w = 

4% and increasing foam content (BMS12, rounds 2 - 6); curve fitting with 

Bingham model 

 

Figure 7-33: Average flow curve data of fine sand-foam mixtures with water content w = 

6% and increasing foam content (BMS12, rounds 2 - 6); curve fitting with 

Bingham model 
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Figure 7-34: Average flow curve data of fine sand-foam mixtures with water content w = 

8% and increasing foam content (BMS12, rounds 2 - 6); curve fitting with 

Bingham model 

 

Figure 7-35: Average flow curve data of fine sand-foam mixtures with water content w = 

10% and increasing foam content (BMS12, rounds 2 - 6); curve fitting with 

Bingham model 
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Figure 7-36: Average flow curve data of fine sand-foam mixtures with water content w = 

12% and increasing foam content (BMS12, rounds 2 - 6); curve fitting with 

Bingham model 
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of influence on the viscous share is wall slip. In order to capture the slip condition on 

the sphere surface realistically, the boundary layer between the solid surface and the 

material needs to be described accurately on a micro-scale. Here, the general 

qualitative course of the material response shall be investigated with regard to the 

expected behaviour identified in former researches on similar materials. The stress-

strain behaviour shown in Figure 7-38 is very characteristic for solid cellular 

structures. It consists of three regimes: a linear elastic regime, a plastic plateau and a 

zone, where densification effects become larger due to cell destruction and 

restructuration of the foam morphology, see GIBSON & ASHBY (1997). While an elastic 

(or unyielded) response was not determined in the present experiments, the plateau 

regime was present in the flow curves very dominantly. The region of densification 

was not determined very vastly. Therefore, shear rates might have been too low. 

However, densification effects were observed by the differences in stresses from one 

revolution to the next. Hence, a compressive destruction mechanism was actually 

determined in the experiments instead of an ideal shear flow around the sphere. 

Nonetheless, the tests are analysed based on the Bingham approximation (or 

linearity) referring to the yield stress parameter (“BMS yield stress”) as reference 

 

Figure 7-37: Development of Bingham viscosity parameter k from BMS flow curve tests on 

soil-foam mixtures containing soil 1 and different amounts of water and foam 
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value for the soil-foam rheology. Therefore, a prognosis model is developed for the 

yield stress but a family function of the flow whole flow curve is not determined. 

Figure 7-39 shows the development of BMS yield stress of the BMS12 data in 

dependence of water content and FIR for soil 1. The yield stress reduces for both 

increasing w and increasing FIR. Multivariate data analysis alike the procedure in 

chapter 6.3.1 reveals a second-order polynomial function for the yield stress (Eq. 

7.12) incorporating the two characteristic parameters for water and foam. The same 

applies for soil 2 (Figure 7-40, Eq. 7.13) and the other ball systems (BMS08, BMS15; 

cf. appendix chapter A.4.3.2). 

τ0,FS,BMS12 = 1732.975 − 68.934 ∙ w − 24.798 ∙ FIR  

+0.578 ∙ w ∙ FIR + 0.095 ∙ FIR² [Pa] 

 R² = 0.957 Eq. 7.12 

 

τ0,S,BMS12 = 699.385 − 40.012 ∙ w − 16.114 ∙ FIR  

+0.339 ∙ w ∙ FIR + 0.851 ∙ w2 + 0.121 ∙ FIR² [Pa] 

 R² = 0.965 Eq. 7.13 

 

Figure 7-38: Schematic compressive stress-strain curves for elastic-plastic foams showing 

the three characteristic regimes: linear elasticity, plastic yielding and 

densification (GIBSON & ASHBY (1997)) 



 7. Rheological testing of soil-foam mixtures using rotational rheometry 187 

 

 

 

Figure 7-39: Development of “BMS yield stresses” (Bingham) from flow curve tests on fine 

sand-foam mixtures; data fitting with second-order polynomial function 

 

 

Figure 7-40: Development of “BMS yield stresses” (Bingham) from flow curve tests on 

sand-foam mixtures; data fitting with second-order polynomial function 
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Besides the water content and the foam injection ratio, the soil itself has an influence 

on the rheology, too, of course. As explained along with the analysis of the slump 

tests (chapter 6), the number of soils investigated in the present study was too small 

in order to incorporate a characteristic parameter of the soil. Nonetheless, a 

superordinate comparison of different conditioned soils can take place when 

considering the densities. The density in the sample container is a good reference 

value presupposing the same procedural impacts on the sample. This value 

incorporates influences from water and foam but also from soil. Figure 7-41 shows 

the yield stresses of fine sand-foam mixtures with different water and foam contents. 

With increasing material density, the ball yield stress increases, too. This behaviour 

can roughly be approximated by a linear trend, which applies for all ball systems. For 

sand-foam mixtures, the basic tendency is the same but the data scatter is higher. 

 

Figure 7-41: Development of BMS yield stresses with increasing material density 
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appears mainly shear thinning. At shear rates of approximately 10 1/s, the data of the 

BMS12 and 15 suddenly increases. This effect again could denote the destruction 

behaviour of foams, see Figure 7-38. In the cup and bob configuration, this effect was 

not determined. 

Curve fitting was conducted with the Herschel-Bulkley model in order to capture this 

increase in shear stress realistically. Due to its domination, the resulting formulas 

appear with a form factor p describing a shear-thickening flow behaviour (p > 1), see 

Table 7-9. Exclusion of the few outliers significantly increases the quality of fit and 

clearly turns the characteristic into a shear-thinning behaviour (Table 7-10). The 

magnitude in yield stress is comparable to the cylinder results, cf. Eq. 7.1. The 

consistency index and the shape factor deviate slightly but not meaningfully. 

 

Figure 7-42: BMS flow curves of tunnelling foams with different BMS; data fitting with 

Herschel-Bulkley model 

Table 7-9: Rheological parameters from curve fitting of BMS flow curve data of 

tunnelling foam 

BMS τ0 k p R² 

BMS 08 4.76 0.31 1.51 0.938 

BMS 12 4.77 0.45 1.57 0.983 

BMS 15 4.27 1.13 1.23 0.972 
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Table 7-10: Rheological parameters from curve fitting of BMS flow curve data of 

tunnelling foam excluding suddenly increasing shear stresses at higher shear 

rates from the analysis 

BMS τ0 k p R² 

BMS 08 2.77 3.25 0.51 0.9997 

BMS 12 2.93 3.51 0.49 0.9997 

BMS 15 2.35 4.36 0.40 0.9993 

 

7.3.2.5 Evaluation of the different BMS 

All BMS tests have been performed using three sphere sizes. So far, the intention of 

the different dimensions was not discussed. Figure 7-43 and Figure 7-44 show flow 

curves of the same soil-foam mixtures from all three BMS. One mixture consists of 

soil 1 (fine sand; Figure 7-43) and the other of soil 2 (sand; Figure 7-44). For soil 1, the 

flow curves of all BMS are very close. For soil 2, the level in shear stress decreases 

 

Figure 7-43: Flow curves of soil-foam mixtures consisting of soil 1 (fine sand; 

dmax = 0.25 mm) with w=12% and FIR=80% determined with different BMS 

(dBMS = 8, 12, 15 mm) 
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with increasing sphere-size. These appearances are exemplary for a large number of 

the results. The cause for these phenomena is the interaction of particle-size and 

sphere diameter. Large particles exert a higher impact on the spheres than small 

particles. The larger the sphere, the less it is affected by the same particle size. 

Therefore, the shear rates of the BMS15 are lower than of the BMS08 or the BMS12. 

SCHATZMANN (2005) drew similar conclusions from his observations. Additionally, the 

influence of the sphere holder on the results reduces with increasing sphere 

diameter. However, the drag force is smaller on smaller spheres because both the 

projected sphere area transversely to the stream and the sphere surface are smaller. 

This increases the accuracy of the theory behind the BMS model (e.g. reduced slip 

surface). 

According to FLEISCHMANN (2014), the maximum particle-size should be limited to 1/5 

to 1/10 of the sphere diameter (reference value 1/8, see FLEISCHMANN (2013)) in order 

to reduce the impact from the large particles on the shear stress. In the present 

study, the maximum grain-size is 0.25 mm for soil 1 and 2 mm for soil 2. Hence, the 

relation of the particle diameter to the sphere diameter is insignificant for soil 1 

 

Figure 7-44: Flow curves of soil-foam mixtures consisting of soil 2 (sand; dmax = 2.0 mm) 

with w=6% and FIR=40% determined with different BMS (dBMS = 8, 12, 

15 mm) 
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(BMS08: 1/32, BMS12: 1/48, BMS15: 1/60), but it is not negligible for soil 2 (BMS08: 

1/4, BMS12: 1/6, BMS15: 1/7.5). Thus, the deviations in results for soil 2 can be 

explained. The recommended particle-sphere diameter ratio can be approved and 

should be considered when designing experiments using BMS rheometers. 

7.4 Transferability of findings through the scales 

Testing of soil-foam mixtures in several rheological devices considering different 

sample volumes, measuring systems, types of foams and particles, boundary 

conditions, and testing profiles showed that the rheological behaviour reacts very 

sensitively to all these influencing parameters. 

In micro-scale investigations on synthetic EPB material using plate-plate 

configurations, flow curve tests could be conducted very precisely and reproducible 

flow curves of the Herschel-Bulkley-Papanastasiou type were determined. A 

dependency was found between the material volume fractions and the model 

parameters. A treatment of the plate surfaces changed the stress response 

significantly. 

Coaxial cylinder systems were found not suitable for a rheological investigation of 

realistic EPB material. Slip effects and the geometric limitations in grain-size made a 

reliable analysis of the results difficult. Soil-foam mixtures containing realistic 

tunnelling foam contents were determined to exert high torques onto the rheometric 

device, which confined the experiments, too. Flow curves of fine sands with high 

contents of foam (FIR) could be described by the Herschel-Bulkley model. 

Furthermore, a mathematical formulation was found for both investigated soils by 

linear regression linking the material parameter w to the model parameters τ0, k and 

p. Due to the small sample volumes, a valid dependency could only be shown for the 

yield stress τ0 and the water content. 

Experience from literature on similarly coarse materials issued the possibility for a 

trustworthy application of the ball measuring system to soil-foam mixtures of interest 

with respect to EPB tunnelling. The material response to flow curve tests was similar 

to the compressive material behaviour of foams as known from literature. The flow 

curve data showed discontinuities resulting from side effects contradicting the basic 

assumptions made in the flow field definition. Therefore, the BMS test was evaluated 
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as index test referring to the ball yield stress as reference value, which was derived 

from a fitting model of the Bingham type. Influences from foam and water contents 

on the reference parameter were elaborated. 

The findings from the multiple experiments show that the interpretation of the flow 

behaviour of foams and soil-foam mixtures depends on the very particular scale of 

observation. Homogeneous small-scale experiments provide an accurate and 

sensitive analysis capturing also small deviations in the flow pattern precisely. The 

Herschel-Bulkley-Papanastasiou model possesses a high quality for modelling the 

small-scale flow curve tests. Realistic soil-foam mixtures however demand for robust 

test equipment and make simplifications in the analysis necessary. Therefore, a 

model with less quality (i.e. less degrees of freedom) is advantageous in order to 

prevent over-interpretation of results maintaining plausibility. 

A comparison of magnitudes of rheological parameters (yield stress, viscosity) 

between the rheological setups is difficult because the materials that were 

investigated in the devices differ substantially from each other. Therefore, flow curve 

experiments on one material on all scales should support the findings mentioned 

before and enable a “trans-scale comparison”. Hence, experiments have been 

performed on synthetic particle-foam mixtures composed of shaving foam, water and 

glass particles (w = 35 wt%, FIR = 100 vol%). This mixture could be applied to all 

rheometers. Figure 7-45 shows the flow curve data of all experiments (plate-plate 

with sandpaper surface, concentric cylinders and three ball measuring systems). The 

data shows very unambiguously that the flow behaviour is very much dependent on 

the setup. The BMS results are quite overlaying each other. At high rotational speeds, 

the characteristic sudden increase in shear stress is determinable as it was mentioned 

above. In the concentric cylinders measuring system, the shear stresses are smaller 

than the shear stresses of the BMS for shear rates ≤ 1 1/s. Here, the slope in viscosity 

is not as developed as for higher shear rates (Figure 7-46), too. For higher shear rates, 

the shear stresses approach the shear stress and viscosity ranges of the BMS. 

Compared to the micro-scale investigations (plate-plate system), the shear stresses of 

both the concentric cylinder system and the BMS are significantly smaller. The 

influence of the sandpaper surface on the results is clearly observable. 
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Figure 7-45: Micro-scale and macro-scale flow curves of glass particle-shaving foam 

mixtures of similar composition. Determination with different measuring 

systems: plate-plate system with sand paper surface (P-P), concentric 

cylinders system (CC27), ball measuring systems with different sphere sizes 

(BMS08, BMS12, BMS15) 

 

Figure 7-46: Viscosity curves of glass particle-shaving foam mixtures with similar 

composition. Determination with different measuring systems: plate-plate 

system with sand paper surface (P-P), concentric cylinders system (CC27), ball 

measuring systems with different sphere sizes (BMS08, BMS12, BMS15) 
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Overall, the flow behaviour of soil-foam mixtures was determined non-Newtonian in 

all experiments and it could be approximated quite well with established rheological 

models, from which characteristic rheological parameters could be derived. Table 

7-11 summarises the adequacies each scale provides with respect to application, 

modelling and experimental pros and cons. 
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8. RHEOLOGY OF SOIL-FOAM 

MIXTURES: DISCUSSION AND 

APPLICATION 

The most common practice to determine the suitable conditioning of a soil with foam 

is by evaluating the workability of the mixture. Therefore, usually, the slump test is 

used indicating the flow behaviour based on predefined workability ranges. From an 

actual flow analysis, much more information could be gathered possessing additional 

value for tunnelling processes. In chapter 6, the derivation of such additional flow 

information from slump tests was analysed. In chapter 7, an approach was followed 

initiated by rheological investigations and the trial of subsequent upscaling of the 

gained flow information. Both assessments exhibit advantages and disadvantages 

regarding reliability of the outcome. This is discussed both separately and 

comparatively for the two approaches within the present chapter. Additionally, 

indications for tunnelling practice and future research are going to be discussed. 

8.1 Evaluation of rheological approaches 

8.1.1 Rotational rheometry 

Rotational rheometry has proven to be a useful approach in order to analyse the flow 

behaviour of fluids. In the present study, the application of rotational rheometry to 

soil-foam mixtures was investigated. It has been shown, that it is difficult to find a 

suitable setup and test conduction leading to reliable rheological data. The model 

behind data conversion requires a well-founded description of the physics developing 

in the experiments. Hence, simplifications and assumptions had to be made in order 

to establish a conversion of raw data into realistic rheological parameters. 
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The rheology of soil-foam mixtures was approached through BMS rheometry. 

Calibration was realised with different fluids based on similar approaches from 

literature on diverse granular media. The application to soil-foam mixtures showed 

that an investigation of a wide range of mixtures, as used in EPB tunnelling, is 

feasible. However, weaknesses in the approach have to be taken into account. Slip 

effects on the sphere surface as well as the flow field around the sphere probably are 

not fully incorporated. Particle sedimentation, the interaction of particle-size and 

sphere-size, and the distances to the boundary box defined by the sample container 

walls play also an influencing role when interpreting the data. 

The rheometrical approach should be supported by a transfer of findings through 

experiments on different scales. However, the investigation of realistic soil-foam 

mixtures on all scales was not possible. In micro-scale experiments on synthetic EPB 

material using a plate-plate measuring system, a turnaround was detected in the 

basic material response. Depending on the containment of particles, both a fluid-like 

and a solid-like behaviour could be observed. From a rheological point of view, the 

realistic mixtures as tested in the BMS most certainly are closer to the solid-like type 

of mix. The investigation of the synthetic reference mixture, which could be tested on 

all scales, showed that the magnitude in rheological numbers between the 

rheological devices is close but the actual flow behaviour differs for the different 

rheometer setups. 

8.1.2 Slump tests 

The slump test represents a commonly accepted tool for evaluating the workability of 

pastes, mortars, fresh concrete, slurries and similar media. In the past, researchers 

aimed at a deduction of rheological parameters from this rather simple test, cf. 

chapter 3.3. Such a parameter deduction demands for a realistic approximation of 

the rheology. Since the slump test was not analysed during the process of slumping 

but at termination of motion, the viscosity was of minor concern. The equilibrium 

state at the end of slumping was associated with the initial condition prior to 

slumping (but after lifting the slump cone). The model representation emanates from 

a sliced body. Therein, the leading force is the dead weight, which initiates flow due 

to gravity. As several authors stated, this approach is very sensitive to the 

consideration of the several frictional boundaries. On the one hand, the friction 
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between the single slices has to be considered, and on the other hand, the friction 

between the bottom slice and the substrate needs to be accounted for. Both 

frictional forces are of different magnitude and degree of influence to the model. 

Furthermore, internal friction within the material layers is acting, too. All these 

effects were simplified. Perfect slip was assumed for the boundary between the 

bottom plate and the material. The friction between the slices was not regarded. The 

internal friction was considered by the yield stress, which was arrived in the 

equilibrium state. For the application of the slump models, the consideration of 

friction at all external interfaces has to be investigated more deeply. Certainly, the 

contact face between material and bottom plate surface is decisive on the prognosis 

of the slumping process. Furthermore, the internal friction acting between the 

infinitesimal small layers and the material yielding behaviour (yield point) of particle-

foams plays an important role in the analytical analysis. The discussions on suitable 

laws (Tresca, von Mises) for the slumping process were conducted by FLATT ET AL. 

(2006), PIAU (2005), ROUSSEL & COUSSOT (2005) (see chapter 6.4.1) but they have to be 

extended in future researches based on the presented considerations. 

As it was found out in the micro-scale experiments, soil-foam mixtures can exhibit 

both fluid-like and solid-like behaviours; different approaches were established based 

on the material behaviour (slump regime, spread regime). Both approaches were 

discussed extensively. A generalised best-fit approximation was found capturing well 

the trend between slump measures and yield stresses, which are founded on the 

different slump models, cf. Eq. 6.30. However, the mechanical and geometrical 

parameters are thusly neglected. 

8.1.3 Correlation of BMS and slump yield stresses 

The derivation of rheological parameters from the slump tests features the ease of 

test conduction while providing substantial information on the flow behaviour, if the 

resulting values are reliable. The trustworthiness in results can only be acknowledged 

by rheometry. Therefore, the findings from rotational rheometry using the BMS 

function as calibration measures. In the best case, yield stresses from the analytical 

slump models and the BMS experiments would be identical. If there is some deviation 

in results between the yield stresses, the slump model values have to be adjusted by 

a conversion model. 
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Figure 8-1 shows yield stresses from BMS experiments and the interim range slump 

model (Eq. 6.30), which adequately covered the yield stress results of all mixtures, 

see chapter 6.4.2. Therefrom, it can clearly be seen that a linear dependency is not 

existent but rather a non-linear relationship. However, the magnitudes in yield stress 

are close. As discussed in chapter 7.3.2.5, the influences from the different sphere 

sizes on the results are again obvious; BMS15 gives reduced results compared to the 

other two. The influence from the particular testing soils are marginal, which is why 

Figure 8-1 shows the results of both soils. Indeed, the relationship between slump 

yield stresses and BMS yield stresses are of non-linear character. The final conversion 

model between slump yield stress and BMS yield stress is expressed by Eq. 8.1. This 

formula does not differentiate between the actual BMS but incorporates average 

values from all BMS. 

τ0,BMS = 12.09 ∙ τ0,interim,S
0.5  [Pa] Eq. 8.1 

Applying Eq. 6.30 to Eq. 8.1 results in Eq. 8.2, which finally can be used to determine 

yield stresses of soil-foam mixtures from slump experiments according to DIN EN 

12350-2 (2009-08). 

τ0(S) = (220.26 ∙ S
2 − 11,916.06 ∙ S + 164,643.75)0.5 [Pa] Eq. 8.2 

 

Figure 8-1: BMS yield stresses of fine sand-foam mixtures plotted over Slump yield 

stresses based on the superordinate interim model according to Eq. 6.30 
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8.1.4 Discussion of models and approaches 

The approaches of BMS rheometry and slump testing for an analysis of the flow 

behaviour of soil-foam mixtures actually deal with different flow states. In slump 

experiments, the material is evaluated, when coming to an equilibrium state at 

termination of flow (at rest). Therefore, the yield stress is the factor of relevance in 

the rheological analysis. In the BMS, the material is investigated in its condition 

during flow. Once in motion, the yield stress is overcome and the viscosity becomes 

the main factor of relevance in this test. However, it was shown, that the viscosity 

could not be determined as dominating as it was expected. Nevertheless, from the 

BMS experiments, the apparent yield stress was derived. Thus, a comparison with the 

slump yield stress was enabled. This is necessary in order to validate the slump 

approach. A validation of the slump approach was only possible by rotational 

rheometry. The reliability of the BMS data was achieved through calibration tests 

with other materials (oil, slurry, shaving foam) and through fine rheometry (plate-

plate measuring system). 

Both models behind the rheological data consider the density of the mixture and the 

distinct geometries from the experiments (slump test geometry, sphere diameter, 

sphere eccentricity). Due to the flowing state and the acceleration of the system, the 

BMS approach also considers the motion through the Reynolds number Re and the 

Newton number Ne and the shares of form drag and viscous drag. On the contrary, 

the slump model takes into account gravitation, which is the impulse initialising 

motion. 

The preciseness in capturing the occurring slip phenomena realistically deserves 

further discussion in future. A calibration of the slump model through slump test with 

other materials did not take place. 

8.2 Influences from constituents 

To conclude the discussion on the rheology of soil-foam mixtures, the influence of the 

single constituents of the mixes on the flow behaviour shall be analysed. Prior to 

deeper discussion, it can already be stated that the basic flow pattern is not affected 

by the three integral parts. 
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8.2.1 Soil 

Analysis of the influence from the soil type on the flow behaviour is limited because 

only two soils have been investigated. The range in FIR was chosen soil-specifically 

covering a realistic bandwidth of workability. A real comparison is only possible for 

the soil-foam mixtures with FIR = 50% and the same water content because it is the 

only overlap in the experimental program. Figure 8-2 shows flow curve data from 

BMS12-measurements for soil 1 and 2 with different water contents but same FIR. 

The same amounts of water and foam with fine sand evoke higher shear stresses 

than with sand. The requirement in lubrication of the single grains is higher for fine 

sand because its specific surface and the porosity are significantly higher compared to 

sand. Hence, to achieve a similar fluidisation for both soils, the water and/or foam 

content of fine sand needs to be increased. This fact is already known from slump 

testing, too, compare e.g. BUDACH (2012), BUDACH & THEWES (2015). 

 

Figure 8-2: Flow curve data from BMS12 of fine sand and sand with FIR=50% and varying 

water content. Fine sand-foam mixtures (grey) evoke higher shear stresses 

compared to sand-foam mixtures (black). 

8.2.2 Water 

The residual water content of soils entering the excavation chamber during tunnelling 

was matter of discussion in chapter 5. The water content of a soil has a significant 

0

100

200

300

400

500

600

0 5 10 15 20

Sh
e

ar
 s

tr
e

ss
 [

P
a]

Shear rate [1/s]

Rheolab QC BMS12 - Flow curve tests on soil-foam mixtures
Soil: var., w=var., FIR=50%

FS 8

FS 10

FS 12

S 8

S 10

S 12



 8. Rheology of soil-foam mixtures: discussion and application 203 

 

influence on the conditioning behaviour. The required foam injection ratio is very 

dependent of this prerequisite, see also PEILA ET AL. (2009), VINAI ET AL. (2008). 

Data from BMS flow curve tests is depicted in Figure 8-3 for different water contents 

and FIR for soil 1. Principally, shear stress is increasing with decreasing water content 

when maintaining the FIR steady. In many tests, it could be determined that the 

increase in water content by 2 wt% resulted in very similar flow curves as for an 

increase in FIR by 10 vol%. The mixture density is then very close although the actual 

amount of liquid is not the same. The necessity of knowing the residual water 

content in the excavation chamber is again supported by the results. Little 

fluctuations in moisture may influence significantly the required conditioning. 

On the other hand, this means also, that conditioning agent can be spared by adding 

water instead. However, this conclusion is valid only to a limited extent. Besides the 

flow behaviour, foam is injected to respond to abrasion processes. Yet, the addition 

of water can even intensify abrasion, especially in sandy soils, cf. GHARAHBAGH ET AL. 

(2014), NATSIS ET AL. (1999). 

 

Figure 8-3: Flow curve data from BMS12 of fine sand-foam mixtures with different water 

contents (w=8% grey stars, w=10% black dots) and FIR (increasing top down). 

Shear stress is increasing with decreasing water content and/or decreasing 

FIR. 
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8.2.3 Foam 

Figure 8-3 gives also information on the influence of foam on the rheology of soil 

foam mixtures. The influence of the foam injection ratio is similar to the water 

content. Foam fluidises the soil. The higher the FIR is the less the shear stresses. 

8.3 Indications for the tunnelling practice 

Research in the construction sector aims at enhancements for practice. Reconsidering 

the origin of this study, the scope was an investigation of the flow behaviour of foam-

conditioned soils as used in EPB tunnelling as support medium. Main issues during 

the elaboration were the analysis of the flow behaviour under different shearing 

conditions (slump test, rheometry) considering different material compositions (soil, 

water, foam) and an evaluation of the results from testing regarding probable 

process improvements to EPB tunnelling. Such enhancements could be related to the 

soil conditioning process like an online conditioning evaluation tool or 

recommendations for suitable simulation models of the support medium in face 

pressure calculations. In the following, some indications are given for the tunnelling 

practice, which can be derived from the present study. 

8.3.1 Calculation of required foam injection ratios 

From index testing, estimations on the rheology of soil-foam mixtures were 

determined in chapter 6. The numerous test executions opened the possibility to 

establish a prognosis model for a calculation of the slump depending on the soil, the 

water content and the foam injection ratio (eq. 6.2/6.3). Rearranging these formulas, 

a calculation of required FIR10 and FIR20 values leading to slumps of 10 and 20 cm 

(recommended range of suitable workability) can take place with given soil and water 

content. In this way, a probable range of required foam contents can be determined 

prior to advance (e.g. design phase) in order to create a support material with 

effective workability. Higher foam contents than the calculated may be required to 

meet further process demands (lubrication, wear reduction, temperature control, 

etc.). 

As explained already in chapter 6.3.1, incorporating a third independent variable as a 

representative for the soil type could not be established because the number of 
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alterations in the experiments was too small to expect a reliable dependency. Hence, 

it is not possible to cover different types of soils by one general model. A 

consideration of additional soils in similar future experiments is therefore needed.  

8.3.2 Calculation of yield stresses 

Viscosity and yield stress are essential parameters influencing the processes going on 

in the excavation chamber. The required cutting wheel torque is not only designed 

for loosening the ground but also for overcoming the shear forces exerted on the 

cutting wheel by the support material in the excavation chamber, cf. DÜLLMANN ET AL. 

(2014). The latter share is necessary for mixing, moving and kneading the material. 

These shear forces are composed of the yield force and the viscous force, of which 

the yield force possesses the much larger share. Considering the suitable range of 

workability (10 and 20 cm slump), corresponding yield stresses can be determined 

from the ball rheometer tests. Figure 8-4 and Figure 8-5 show the ball yield stresses 

for all BMS for soil-foam mixtures consisting of slumps of 10 and 20 cm. The yield 

stresses for the same slump results are very close to each other with average values 

of 250 Pa for FIR10 and 130 Pa for FIR20 independent of the ball size and the type of 

soil. 

 

Figure 8-4: Average BMS yield stresses and standard deviations of fine sand-foam 

mixtures with slumps of 10 and 20 cm. Recommended range of BMS yield 

stresses: 130 - 250 Pa 
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Figure 8-5: Average BMS yield stresses and standard deviations of sand-foam mixtures 

with slumps of 10 and 20 cm. Recommended range of BMS yield stresses: 

130 - 250 Pa 

8.3.3 Sensitivity of test methods 

In this study, two methods (Slump test, BMS) were presented for an experimental 

approach of the workability of soil-foam mixtures. The question one could arise is 

which test gives the most trustworthy results? The motive behind this question is of 

course which test equipment to hold available on the job site or in laboratories. 

A look at the sensitivities of the test results should provide an answer. Therefore, the 

standard deviations were determined for each test. Since the range and the scale of 

the test results are diverse, the standard deviations have to be set into a relative 

perspective. The criterion to compare is the dimensionless ratio ξ of standard 

deviation s and recommended value range Δ indicating suitable workability (Slump 

test: Δ = 10 to 20 cm = 10 cm; BMS: Δ = 130 to 250 Pa = 110 Pa). It is referred to as 

the relative standard deviation, see Eq. 8.3. 

ξ =
s

∆
 [-] Eq. 8.3 

The minimum number of slump tests for each mixture was three. The BMS tests had 
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that the standard deviations of less fluid mixtures (low water content, low FIR) are 

generally higher than for more fluid mixtures (high water content, high FIR). This 

perception applies likewise for the slump test and the BMS. The relative standard 

deviations ξ are close for each test method: for the slump test, ξ was 9.3% and for the 

BMS, ξ was 8.7%. This actually appoints approximately the same precision to both 

test methods. However, the BMS tests provide further advantageous information on 

the conditioning or other tunnelling processes besides on the workability, see also 

chapter 8.3.4. The higher initial costs (acquisition) could then pay out compared to 

the slump test, which gives only one-dimensional information under atmospheric 

conditions. 

8.3.4 Online evaluation tool for soil conditioning and face pressure 

A further beneficial application for the tunnelling practice would be an installation of 

a suitable setup in the excavation chamber providing information on 

 the efficiency of soil conditioning, 

 the filling level, 

 and the flow behaviour. 

Closely aligned to the ball system, such an agile setup would need to be very robust 

dealing with high impacts from temperature, shock loads of the excavated material, 

fluids (water, conditioning agents, oils) and adhesion. Furthermore, little space is 

available in the excavation chamber. A thinkable scenario for an installation is shown 

in Figure 8-6; the actual two (or more) devices are sketched in an inflated way 

compared to the other components. The ball system needs to be installed on multiple 

heights considering different pressure conditions over the vertical axis. The most 

favourable place probably is on the bulkhead. An installation on the cutting wheel 

implies a non-permanent position for the measurement. In certain intervals, 

measurements can take place by turning all devices at the same time for several 

rounds through the material. From the resistant torque, information can then be 

derived on the rheological properties. Considering the findings from the present 

study, a relationship can be established between the material parameters (water 

content, conditioning parameters), the rheological parameters (yield stress, viscosity) 

and the measurements (torque, rotational speed). If the yield stresses are lower than 
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the reference yield stress range (lower level), less conditioning agent has to be 

injected, and vice versa. 

Additionally, a similar but smaller device could be kept available on the construction 

site for preliminary testing and testing during advance. Thus, comparisons between 

the in situ measurements and design values from the laboratory can be established. A 

calibration between both devices before is prerequisite. 

An installation of one system in the crown could provide additional information on 

the filling level. If the resistance is very low (close to the intrinsic moment), the 

chamber probably is not filled completely. In this way, suitable counter actions could 

be implemented and potential blowouts could thusly be prevented. 

Similar developments have been made by DOBASHI ET AL. (2005), DOBASHI ET AL. (2007a), 

DOBASHI ET AL. (2007b), DOBASHI ET AL. (2013) in the form of a one-bladed vane 

(“flapper”; Figure 8-7). The “flapper” is intended to be used as a muck flow control in 

 

Figure 8-6: Installation of BMS-like systems (inflated design) for an estimation of the 

current workability of the support material and the filling level in the 

excavation chamber 
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the excavation chamber. Multiple “flappers” are installed at several locations on the 

bulkhead (Figure 8-7). The devices are rotated continuously at constant speeds 

(2 rpm) and the torque is recorded. In laboratory tests, a calibration was established 

based on a flow behaviour, which was founded on the Casson flow model (cf. Eq. 3.9 

and chapter 3.1.2), allowing for data conversion into shear stresses, cf. DOBASHI ET AL. 

(2013). Interpolation between the measuring spots is realised by linear interpolation. 

Thus, a three-dimensional visualisation of the fluid state over time can be generated, 

see Figure 8-8. 

 

Figure 8-7: Muck Flow Control System “Flapper” according to DOBASHI ET AL. (2013); 

picture of an installation in an EPB TBM excavation chamber (left) and 

drawing of installation positions (DOBASHI ET AL. (2013)) 

 

Figure 8-8: Visualisations of flow rates and shear rates at a certain time in several cross-

sections of the excavation chamber based on “flapper” measurements and 

fluid-dynamics (DOBASHI ET AL. (2013)) 
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Although the required driving torque of a comparable ball device would probably 

much higher, the ball system features less adhesion potential and thusly requires less 

cleaning effort. 

8.3.5 Face pressure calculations 

As mentioned in chapter 2.5, the calculation of the support pressure incorporates the 

unit weight of the support medium. A common standard for the unit weight does not 

exist so far regarding EPB shield tunnelling. The material density is pressure-

dependent due to its compressible habit. The material’s flow properties (yield stress, 

viscosity) depend also very much on the density, compare chapter 7.3.2.4. As 

mentioned before, a certain flow behaviour is required to ensure material flow in the 

excavation chamber, which can be described either by index test values (slump test) 

or by apparent yield stresses from ball rheometry. The range of yield stresses 

indicating a suitable flow behaviour was defined afore between 130 and 250 Pa. 

Depending on the particular ground and ground properties, treatments for soil 

conditioning can be predefined (FIR) in order to generate a proper support material 

density. This density should then be considered under distinct boundary conditions 

(pressure) within the support pressure calculation. 

8.4 Outlook for future research 

In future works, investigations should concentrate on the characterisation of 

essential properties of soil-foam-mixtures under backpressure conditions. The actual 

ambient pressure conditions of the support medium in most cases are different from 

atmospheric pressure. Prior to complex rheological investigations, a characterisation 

of soil-foam mixtures should take place with tests similar to the series of BUDACH 

(2012). Thus, a comparison in the material response towards his results is possible. 

Therefore, adjustments and additional adaptions of the test equipment are necessary 

because a conduction of slump tests under backpressure without any further 

contemplations will not be possible. 

Additionally, the testing programme should be stretched also to non-cohesive soils 

and additional conditioning agents. The spectrum of EPB application covers a far 

greater range than treated in the present study. Thus, the calculations and models 

developed in this study (e.g. required FIR10/20-calculation as introduced above) could 
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be further summarised by introducing a characteristic soil parameter like a 

representative grain-size parameter (d10, d60) or the uniformity index Cu. 

Moreover, the scaling process of rheological information on soil-foam mixtures 

should be extended to even larger applications. Therefore, a large-scale test rig for 

the simulation of excavation and mixing process under backpressure was developed 

at Ruhr-Universität Bochum (Figure 8-9). Therein, an online ball system as proposed 

in chapter 8.2 could be installed for calibration purposes and comparison to the 

small-scale (micro/macro) experiments. 

A further step would be the analysis of real machine data. Considering the actual 

machine design – especially the cutting wheel and chamber designs –, a simplified 

model of the impacting forces can be established acting on the support material. 

Incorporating machine data and corresponding boundary conditions (e.g. ground 

conditions, overburden, surface loads, machine diameter etc.), material properties 

could be determined from back analysis. First approaches are being made in 

subsequent studies, cf. THEWES & STEEB (2014). 

Furthermore, the rheological information gained from rheometrical testing can be 

implemented in numerical flow simulations of the material in the excavation 

chamber. Thus, material streaming, conditioning processes and actual support 

pressure distributions can be analysed under different boundary conditions. The 

 

Figure 8-9: Large-scale test stand COSMA at Ruhr-Universität Bochum for simulation of 

mixing processes in the EPB excavation chamber and moreover, production, 

sampling and testing of conditioned soils under backpressure conditions 

(THEWES & STEEB (2014)) 
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application and efficiency of conditioning agents or other treatments could be 

evaluated in advance. Assessments on this topic were elaborated e.g. by DANG & 

MESCHKE (2014), WESSELS ET AL. (2013) and are still in progress. From this examinations, 

information on wear and tear or adhesion can be gained in terms of “where is the 

highest exposure?”. 

Although fundamental processes are different in hydro-shield tunnelling, some 

questions are similar. Infiltration processes at the tunnel face are a demanding factor 

for effective support pressure transfer in permeable soils. Here, a necessary transient 

perspective of ongoing processes make the scientific problem even more complex. 

Additionally, the change in rheology of the support medium (i.e. bentonite 

suspension) by the addition of particles (particle concentration) is decisive for 

material transport and face support. Ongoing research is conducted by SCHÖßER & 

SCHANZ (2014), ZIZKA ET AL. (2015). 

The analysis of the infiltration processes of the slurry into the ground may lead to a 

more comprehensive analysis of the residual water content also for the foam 

penetration processes at the face in EPB tunnelling. Pressure distributions over the 

depth of the soil skeleton and the incorporation of rheological foam parameters 

would enable the modelling of the void water expulsion. Thus, the water content that 

is excavated could be determined more precisely. 

At last, as frequently discovered in the rheological experiments, slip was a big issue of 

influence to the test results. Therefore, the slip phenomena need to be described 

more accurately in order to find a suitable consideration of slip in the rheology. In this 

way, rheological parameters will be approached more realistically. This investigation 

requires a micro-scale perspective. 
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9. CONCLUSION 

EPB tunnelling in coarse soils requires soil conditioning of the excavated material in 

order to fulfil the necessary properties for effective support of the tunnel face. The 

determination of adequate conditioning agents and conditioning parameters can be 

achieved through lab tests. Soil conditioning not only influences the properties of the 

excavated ground, moreover it has an effect on face stability. Both, the reduction in 

hydraulic conductivity of the support material as well as the penetration of foam into 

the face, reduce seepage flow towards the machine. Thus, an additional support 

pressure against excess pore pressures is not required. The theoretical pressure 

distribution assumes a linear course over the vertical axis. However, the value for the 

unit weight is usually not determined case-dependently and the actual distribution of 

the support pressure at the tunnel face is unknown. One influencing factor on the 

pressure distribution certainly is the material fluidity: the more fluid the support 

medium, the closer the pressure distribution to the hydrostatic gradient. The flow 

behaviour of the material in the chamber can be affected by soil conditioning. It is 

usually evaluated by index testing and yet only by some first more sophisticated 

rheological assessments. Therefore, the topic of rheology, especially regarding 

granular media, was widely studied and discussed in this work. 

The application of index tests in practice is very popular due to inexpensiveness and 

the ease of conduction. However, the obtained results often are of qualitative 

character. An assessment of the flow behaviour on a physical scale enables a 

quantitative evaluation and can found the basis for the development of simulation 

and prognosis models. In fluid dynamics, the flow behaviour and corresponding 

rheological parameters such as the viscosity or the yield stress of a fluid are 

determined through rheometer experiments. Flow curves represent a common 

technique for describing the flow pattern by applying established constitutive 

equations, from which rheological parameters can be derived. Therefore, 

homogeneous conditions are required, which is a laminar flow regime without any 

transient or surface effects. 
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As experience from several studies from related material disciplines shows, 

maintaining homogeneous shear conditions is hardly feasible when investigating EPB 

support material. Therefore, devices that feature an investigation of cohesionless 

soils have to be used and heterogeneous flow conditions like turbulences, vortices, 

slip effects, or time-dependent behaviours have to be tolerated. Hence, these effects 

can be considered to some extent in the test setup or in the analysis. Measuring 

systems of different designs have been applied satisfactorily for coarse-grained 

materials such as cylinder, vane and sphere configurations. Nevertheless, it is not 

possible to eliminate every potential source of error. 

Conditioned soils have been formerly investigated with vane geometries and the flow 

behaviour was characterised by the Bingham plastic model. However, an 

interpretation of the applied flow models with respect to the investigated soils, the 

conditioning parameters or equivalent characteristic material parameters was not 

performed; it was more the influence of certain boundary conditions on the effective 

parameters that were investigated. Otherwise, slump tests are commonly performed 

to evaluate the flow behaviour. For this test, analytical models have been established 

to determine rheological parameters of yield stress fluids from the slump test. For 

concretes and suspensions, it could be shown that these models correlate suitably 

with rheometer-obtained data. 

Starting point of the elaboration was a distinct description of the materials used in 

this study. This was necessary with respect to reproducibility. Without essential 

material specifications, a reconsideration of test results is generally not feasible. Two 

soils were chosen as a reference for this study. In future, the number of soils needs to 

be increased. The variation of foam parameters was limited, too, because otherwise 

the number of tests would have been exorbitantly high. The question of how much 

water needs to be added to the soil was formerly assessed by other researchers 

based on different perspectives. In this study, the initial water content was linked to 

an analysis of the residual water content entering the excavation chamber during 

advance (chapter 5). Therefore, the fluid interactions (foam and groundwater) at the 

tunnel face were investigated experimentally based on the theory of pore water 

replacement by foam penetration. It was found that not only the foam water needed 

to be regarded but also residual water, which is captured within the soil matrix due to 

capillary and/or adhesive forces. Thus, the determination of the water content of the 
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excavated soil was approached by considering different theories, trying to assess the 

residual amount of pore water due to groundwater displacement by foam more 

realistically. One approach followed a model enabling a derivation of the soil-water 

characteristic curve from physical properties. Information on the residual water 

content can then be found depending on the acting suction within the soil skeleton. 

Here, it was estimated to equal the applied backpressure. The second approach was 

again of experimental origin, which should provide information on the drainage 

behaviour of soils under a certain backpressure load. Both assessments led to 

significant and quite similar values to be taken into account additionally to the foam 

water. In future investigations, the process of groundwater displacement needs to be 

analysed during testing with the help of additional equipment (e.g. pore pressure 

gauges) as it was done for instance by BEZUIJEN & SCHAMINÉE (2001). Thus, the actual 

pressure distribution within the soil skeleton could be determined. Furthermore, the 

residual water content within the foam-penetrated zone could be researched using 

direct measurement techniques such as TDR (time domain reflectometry). However, 

since the actual penetration depths of the investigated soils are very small (< 15 cm), 

the applicability of these methods (e.g. regarding the required minimum distance of 

the sensors) has to be checked in the forefront. Nonetheless, a bandwidth of realistic 

water contents in the excavated ground could be elaborated for different tunnelling 

scenarios, which was used in the rheological experiments. 

Furthermore, a detailed statement of the basic research approach and associated 

assumptions, that had to be made to particularise the scope, was given. Here, a 

multi-scale approach was suggested that considers homogeneous rheological testing 

on synthetic materials in order to characterise the flow behaviour of simulated soil-

foam mixtures on the micro-scale. Additionally, these mixes were analysed in 

heterogeneous index tests and in large-gap rheometry as well as selected other test 

configurations (macro-scale). Furthermore, realistic soil-foam mixtures were 

investigated extensively with these test methods, too. Based on the definition of 

scales, the experimental programme was developed, which was divided into index 

tests (chapter 6) and rheometer tests (chapter 7). 

Chapter 6 dealt with recommendations for and experience from testing using the 

slump (flow) test. Therein, testing conditions, findings and the significance for 

tunnelling were presented. An extensive experimental programme was carried out in 
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form of a variation study of single material components. A variety of soil-foam 

mixtures was investigated with the slump test according to DIN EN 12350-2 (2009-

08). It was able to condition all mixtures to an index range of workability represented 

by slumps between 10 and 20 cm. Furthermore, an explicit relationship between the 

slump and the slump flow measures was found. In addition, equations were 

developed based on multivariate data analysis modelling the slump in dependence of 

the main conditioning parameters w and FIR. A linkage between index values and 

rheological parameters could be established based on analytical model 

representations from literature, which seem to be widely applicable also for soil-foam 

mixtures. Certain restraints have to be consciously taken into account like material 

incompressibility or neglecting surface friction. However, it could be shown that this 

was valid to some extent. An interim range, in which the models are not applicable, 

could be covered by an empirical model based on linear regression (data fitting). 

The rheological investigations using rotational rheometry were described in chapter 

7. Flow curve tests on soil foam mixtures were conducted using several rheometers. 

Thereof, the ball measuring system appeared most suitably for systematic 

determination of yield stress and viscosity of soil-foam mixtures. However, the 

viscosities of numerous mixtures were determined low, while the yield stress was 

high – depending on the foam and water contents. The experimental data showed 

the classical compressive behaviour of foams. The yield stress was referred to as 

reference value (“BMS yield stress”). Due to the magnitudes in yield stress, this 

parameter appeared to provide the most expressive rheological information. As could 

be shown in the trans-scale analysis on synthetic soil-foams, the basic flow pattern 

and the magnitude in results can be detected through the scales. However, the 

adequacy and the quality of the rheological models varies from scale to scale. An 

investigation of realistic soil-foam mixtures on all scales was not feasible. 

The validation of the presented models (BMS and slump test) was matter of 

discussion in chapter 8. The results from rotational rheometry were compared to the 

findings of the slump tests. The interaction between the two indicating factors (BMS 

yield stress, slump yield stress) is of non-linear character. The composition of the 

mixes does not have an influence on the basic flow behaviour, but the soil gradation, 

the water content and the FIR affect the magnitudes in shear stress. 
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The slump test and the BMS rheometer provide an analysis of the workability of soil 

foam mixtures. As the range from 10 to 20 cm indicates suitably workability when 

using the slump test, the corresponding recommendation for the BMS rheometer 

ranges from 130 to 250 Pa. Both methods provide similar precision in reproducibility. 

From testing, several indications for the tunnelling practice and future research could 

be given. Besides small calculation tools, which can be helpful e.g. in the design phase 

of soil conditioning, suggestions were made enabling online evaluation and online 

steering of the conditioning process during excavation. Furthermore, contemplations 

for an optimisation of face pressure calculations were proposed. 

This study did not aim at a global solution for effective application of EPB shields. It 

should provide helpful considerations for improvements of soil conditioning 

processes, especially in challenging grounds. The approaches that were followed 

should inspire other researchers from similar disciplines to pick up, continue, and 

enhance the present work. 
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APPENDIX 

In this section, the detailed testing procedures and the protocols of the experiments 

conducted in the frame of this study are attached as well as all relevant diagrams and 

additional information, to which it was addressed in the main chapters. 
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A.1 Standard testing procedure of soil-foam mixtures 

Table A-1: Procedure for production of soil-foam mixtures and test preparations including 

remarks regarding the measuring accuracy 

  

Step no. Time Duration Task Accuracy 

I --- --- Test preparations  

II --- --- Compose soil according to recipe 
±1.0 wt%, 

max. ±1.0 g 

III --- 01:00 Mix soil until homogenised  

IV --- --- 
Measure water in dependence of 

water content w 

±1.0 wt%, 

max. ±1.0 g 

V --- 01:00 
Mixing of water and soil until 

homogenised 
 

1 00:00 03:30 

Foam production and sampling, 

determination of actual FER and 

measuring FIR-dependent amount 

of foam for the mixture 

±10.0 wt%, 

max. ±1.0 g 

2 03:30 01:00 

Mixing of foam and wetted soil until 

homogenized; small samples (< 3 

kg) by hand, large samples (3 – 24 

kg) with concrete bowl mixer 

 

3 04:30 04:00 

Preparation of testing sample(s); 

further test preparations, if 

necessary 

 

4 08:30 --- Start of testing  
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A.2 Foam penetration tests 

A.2.1 Setup and testing procedure 

 

Test stand 

 

Figure A-1: Scheme of rig for foam penetration tests 
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Preparations 

1. Preparation of test stand, fixing the cameras to tripods, positioning of scales: 

Position one camera in order to document scales and stop-watch and position 

the other camera to record the foam penetration zone, a measuring tape and the 

second stop-watch 

2. Prepare 12 kg of soil according to soil gradation 

3. Homogenisation of soil for 2 minutes in a gravity mixer 

4. Fill soil into a bucket after mixing, weigh and record its mass 

5. Fill water into the soil cylinder up to the 5 cm-marking and dripple soil in 5 cm 

layers into water afterwards 

6. Compact soil with tamper in a spiral shaped manner 

7. Repeat steps 5 to 6 until a height of 25 cm is reached 

8. Adjust the height of the water cylinder so that the overrun has same height as 

the filled-in soil in cylinder 1; if necessary add/drain water 

9. Record the residual masses of water and soil 

10. Calculate and record the mean height of the soil level with the help of three 

measuring scales at the outer cylinder walls 

11. Produce and fill foam onto the soil to a height of 15 cm, record foam mass and 

actual heights afterwards 

12. Place the O-rings and close the soil cylinder with its lid by using screws 

13. Connection of compressed air to cylinder 1, open the overpressure valve and 

close the outlet valve on the top 

14. Adjust to the desired, constant air pressure in the soil cylinder using the installed 

manometer 
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Procedure  

15. Start of experiment by simultaneously opening the ball valve at the bottom side 

of the soil cylinder and starting stop-watches and recordings 

16. Record penetration depths in steps of 30 second up to a total of 180 seconds on 

the basis of two measuring tapes, which are not caught by the camera 

 

Remarks 

Close the compressed air supply after finishing the experiment and carefully diminish 

the pressure in the cylinder. 
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A.2.2 Testing protocols 

 

Date 03.09.2013

Soil Fine sand

Mass of water [g] 3512,3 Water content w [wt%] 21,5

Mass of soil [g] 8890,7 Void ratio n [-] 0,363

FER 14,9 Density of soil [g/cm³] 1,688

Saturated density [g/cm³] 2,051

Measurements

time [s] Water outflow [g] Position of foam front  [cm]

0 0,0 24,9

1 10,0 24,2

2 30,0 23,9

3 57,0 23,8

4 80,0 23,7

5 95,0 23,7

6 107,0 23,7

7 114,0 23,7

8 124,0 23,6

9 129,0 23,6

10 134,0 23,6

11 137,0 23,6

12 141,0 23,6

13 144,0 23,5

14 147,0 23,5

15 148,0 23,5

16 150,0 23,5

17 152,0 23,5

18 154,0 23,5

19 156,0 23,5

20 158,0 23,5

21 159,3 23,4

22 161,1 23,4

23 162,1 23,4

24 163,6 23,4

25 164,3 23,4

26 165,4 23,4

27 166,8 23,4

28 167,9 23,4

29 168,6 23,4

30 169,6 23,4

30 169,6 23,433

60 191,1 23,233

90 204,4 23,200

120 216,0 23,167

150 225,7 23,100

180 234,7 23,067
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Date 04.09.2013

Soil Middle sand

Mass of water [g] 3364,2 Water content w [wt%] 19,2

Mass of soil [g] 9209,3 Void ratio n [-] 0,342

FER 15,0 Density of soil [g/cm³] 1,744

20 Saturated density [g/cm³] 2,078

Measurements

time [s] Water outflow [g] Position of foam front  [cm]

0 0,0 25,0

1 22,7 24,1

2 92,2 23,0

3 145,0 22,5

4 213,0 22,1

5 213,0 22,0

6 230,0 21,7

7 240,0 21,6

8 255,0 21,5

9 266,0 21,4

10 274,0 21,3

11 280,0 21,2

12 287,0 21,2

13 292,0 21,1

14 298,0 21,1

15 302,0 21,1

16 307,0 21,0

17 310,0 21,0

18 314,0 21,0

19 318,0 21,0

20 320,0 20,9

21 324,0 20,9

22 326,4 20,9

23 329,1 20,9

24 331,5 20,9

25 333,9 20,9

26 336,6 20,9

27 338,8 20,9

28 341,3 20,8

29 343,5 20,8

30 345,3 20,7

30 345,3 20,667

60 384,5 20,233

90 408,8 20,033

120 428,2 19,867

150 444,2 19,733

180 457,5 19,633
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Date 13.02.2014

Soil Middle sand

Mass of water [g] 3510,6 Water content w [wt%] 21,1

Mass of soil [g] 9044,8 Void ratio n [-] 0,348

FER 15,3 Density of soil [g/cm³] 1,727

20 Saturated density [g/cm³] 2,091

Measurements

time [s] Water outflow [g] Position of foam front  [cm]

0 0,0 24,8

1 48,9 23,0

2 104,9 22,7

3 148,9 22,4

4 159,8 22,2

5 178,9 22,1

6 203,0 22,0

7 216,5 21,9

8 228,3 21,7

9 238,5 21,6

10 248,4 21,5

11 254,5 21,4

12 263,5 21,3

13 268,5 21,2

14 278,4 21,1

15 283,5 21,1

16 290,8 21,0

17 296,8 21,0

18 300,9 21,0

19 306,8 20,9

20 310,9 20,9

21 316,9 20,8

22 320,9 20,8

23 324,5 20,7

24 327,5 20,7

25 330,4 20,6

26 334,8 20,6

27 338,5 20,6

28 343,0 20,5

29 345,5 20,5

30 350,4 20,5

30 350,4 20,267

60 400,5 19,967

90 409,4 19,867

120 430,0 19,767

150 437,6 19,733

180 447,5 19,733
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Date 05.09.2013

Soil Coarse sand

Mass of water [g] 3392,5 Water content w [wt%] 19,2

Mass of soil [g] 9317,9 Void ratio n [-] 0,335

FER 14,9 Density of soil [g/cm³] 1,762

20 Saturated density [g/cm³] 2,101

Measurements

time [s] Water outflow [g] Position of foam front  [cm]

0 0,0 25,0

1 80,0 23,0

2 190,0 21,0

3 296,0 19,8

4 395,0 19,0

5 430,0 18,2

6 442,0 18,0

7 470,0 17,5

8 500,0 17,0

9 524,0 16,8

10 546,0 16,5

11 560,0 16,3

12 574,0 16,1

13 590,0 15,9

14 606,0 15,8

15 615,0 15,7

16 625,0 15,6

17 639,0 15,4

18 646,0 15,2

19 658,0 15,1

20 666,0 15,0

21 675,0 14,9

22 680,0 14,8

23 688,0 14,7

24 695,0 14,6

25 702,0 14,4

26 709,0 14,3

27 715,0 14,3

28 720,0 14,2

29 727,0 14,1

30 731,0 13,9

30 731,0 13,900

60 826,0 12,900

90 874,0 12,433

120 903,0 12,033

150 917,0 11,967

180 927,0 11,933
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Date 10.10.2013

Soil Fine sand - Middle sand

Mass of water [g] 3240,4 Water content w [wt%] 17,4

Mass of soil [g] 9409,5 Void ratio n [-] 0,333

FER 15,6 Density of soil [g/cm³] 1,768

20 Saturated density [g/cm³] 2,076

Measurements

time [s] Water outflow [g] Position of foam front  [cm]

0 0,0 25,2

1 12,0 25,0

2 45,0 24,6

3 92,0 24,3

4 116,0 24,0

5 138,0 23,9

6 153,0 23,8

7 163,0 23,7

8 176,0 23,7

9 183,0 23,6

10 190,0 23,5

11 196,0 23,5

12 200,0 23,5

13 204,0 23,5

14 208,0 23,4

15 210,0 23,4

16 213,0 23,3

17 216,0 23,3

18 218,0 23,3

19 220,0 23,3

20 222,0 23,3

21 224,0 23,3

22 226,0 23,3

23 227,5 23,3

24 229,0 23,3

25 230,0 23,2

26 232,0 23,2

27 233,5 23,2

28 235,0 23,2

29 236,1 23,2

30 237,5 23,2

30 237,5 22,933

60 261,0 22,700

90 275,0 22,700

120 286,4 22,600

150 295,4 22,533

180 303,0 22,500
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Date 27.02.2014

Soil Fine sand - Middle sand

Mass of water [g] 3443,9 Water content w [wt%] 20,0

Mass of soil [g] 9231,8 Void ratio n [-] 0,340

FER 15,5 Density of soil [g/cm³] 1,748

20 Saturated density [g/cm³] 2,097

Measurements

time [s] Water outflow [g] Position of foam front  [cm]

0 0,0 25,0

1 13,1 24,4

2 49,6 23,9

3 87,4 23,7

4 110,9 23,6

5 135,1 23,5

6 143,5 23,5

7 149,0 23,4

8 154,0 23,4

9 159,5 23,3

10 164,4 23,3

11 169,4 23,3

12 170,8 23,3

13 174,6 23,2

14 176,5 23,2

15 179,6 23,2

16 180,2 23,2

17 182,6 23,2

18 184,6 23,2

19 186,1 23,2

20 188,1 23,2

21 189,0 23,2

22 192,0 23,2

23 193,0 23,2

24 193,2 23,2

25 195,7 23,1

26 196,8 23,1

27 198,3 23,1

28 198,6 23,1

29 198,8 23,1

30 200,0 23,0

30 200,0 22,933

60 219,8 22,800

90 231,3 22,680

120 239,7 22,567

150 246,5 22,467

180 252,7 22,467
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Date 23.10.2013

Soil Middle sand - Coarse sand

Mass of water [g] 3365,8 Water content w [wt%] 18,7

Mass of soil [g] 9454,6 Void ratio n [-] 0,332

FER 15,0 Density of soil [g/cm³] 1,769

20 Saturated density [g/cm³] 2,099

Measurements

time [s] Water outflow [g] Position of foam front  [cm]

0 0,0 25,3

1 70,0 23,9

2 183,0 22,0

3 210,0 21,0

4 255,0 20,7

5 282,0 20,3

6 300,0 20,1

7 320,0 20,0

8 336,0 19,8

9 350,0 19,6

10 365,0 19,5

11 370,0 19,4

12 382,0 19,3

13 390,0 19,1

14 398,0 19,0

15 405,0 19,0

16 411,0 19,0

17 416,0 19,0

18 422,0 18,9

19 427,0 18,9

20 430,0 18,9

21 436,0 18,8

22 441,0 18,7

23 445,0 18,7

24 449,0 18,6

25 452,0 18,6

26 456,0 18,5

27 459,0 18,5

28 462,0 18,5

29 465,0 18,5

30 468,0 18,4

30 468,0 18,400

60 524,0 18,000

90 556,0 17,733

120 581,0 17,367

150 601,0 17,200

180 619,0 17,067
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Date 15.10.2013

Soil Sand

Mass of water [g] 3080,8 Water content w [wt%] 14,7

Mass of soil [g] 10056,0 Void ratio n [-] 0,281

FER 15,2 Density of soil [g/cm³] 1,904

20 Saturated density [g/cm³] 2,185

Measurements

time [s] Water outflow [g] Position of foam front  [cm]

0 0,0 25,0

1 6,0 24,7

2 45,0 24,0

3 80,0 23,6

4 105,0 23,4

5 123,0 23,1

6 136,0 22,9

7 147,0 22,8

8 156,0 22,6

9 166,0 22,5

10 170,0 22,5

11 176,0 22,5

12 183,0 22,5

13 188,0 22,4

14 192,0 22,4

15 196,0 22,4

16 198,0 22,4

17 201,0 22,4

18 204,0 22,3

19 207,0 22,3

20 209,0 22,3

21 212,0 22,3

22 214,0 22,3

23 216,0 22,2

24 218,0 22,2

25 220,0 22,2

26 221,0 22,2

27 223,0 22,2

28 225,0 22,1

29 226,0 22,1

30 228,0 22,1

30 228,0 21,900

60 258,0 21,733

90 275,0 21,633

120 288,5 21,533

150 299,0 21,400

180 308,0 21,333
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Date 29.10.2013

Soil Sand

Mass of water [g] 3135,0 Water content w [wt%] 15,1

Mass of soil [g] 10199,0 Void ratio n [-] 0,283

FER 15,0 Density of soil [g/cm³] 1,901

20 Saturated density [g/cm³] 2,187

Measurements

time [s] Water outflow [g] Position of foam front  [cm]

0 0,0 25,4

1 20,0 24,9

2 40,0 24,5

3 80,0 24,0

4 104,0 23,9

5 118,0 23,7

6 132,0 23,5

7 140,0 23,1

8 148,0 23,0

9 155,0 23,0

10 159,0 23,0

11 166,0 23,0

12 170,0 23,0

13 174,0 23,0

14 177,0 23,0

15 181,0 22,9

16 184,0 22,9

17 187,0 22,9

18 189,0 22,9

19 190,0 22,9

20 193,0 22,8

21 195,0 22,8

22 197,0 22,8

23 200,0 22,8

24 202,0 22,8

25 203,0 22,8

26 204,0 22,8

27 206,0 22,8

28 207,0 22,8

29 209,0 22,7

30 210,0 22,7

30 210,0 22,533

60 236,0 22,333

90 252,0 22,200

120 265,0 22,067

150 276,0 22,000

180 286,0 21,967
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Date 30.01.2013

Soil Sand

Mass of water [g] 3194,8 Water content w [wt%] 16,3

Mass of soil [g] 9755,6 Void ratio n [-] 0,303

FER 15,4 Density of soil [g/cm³] 1,847

20 Saturated density [g/cm³] 2,149

Measurements

time [s] Water outflow [g] Position of foam front  [cm]

0 0,0 25,0

1 9,4 24,2

2 37,4 23,3

3 75,3 22,9

4 108,4 22,7

5 122,9 22,5

6 147,7 22,3

7 152,7 22,2

8 160,9 22,2

9 167,9 22,1

10 175,3 22,0

11 178,8 22,0

12 182,1 22,0

13 186,7 21,9

14 190,0 21,9

15 195,2 21,9

16 199,4 21,8

17 201,9 21,8

18 204,3 21,8

19 206,6 21,7

20 209,2 21,7

21 211,0 21,6

22 212,6 21,6

23 215,0 21,6

24 216,9 21,5

25 218,0 21,5

26 219,6 21,5

27 220,9 21,4

28 222,1 21,4

29 224,2 21,4

30 226,4 21,3

30 226,4 21,367

60 248,4 21,100

90 258,9 20,800

120 275,9 20,800

150 283,6 20,800

180 289,2 20,800
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Date 22.10.2013

Soil Middle sand - Fine gravel

Mass of water [g] 3167,9 Water content w [wt%] 15,8

Mass of soil [g] 9939,8 Void ratio n [-] 0,298

FER 16,0 Density of soil [g/cm³] 1,860

20 Saturated density [g/cm³] 2,153

Measurements

time [s] Water outflow [g] Position of foam front  [cm]

0 0,0 25,3

1 60,0 22,0

2 170,0 20,3

3 236,0 19,8

4 283,0 19,0

5 320,0 18,6

6 350,0 18,3

7 365,0 18,0

8 380,0 17,9

9 396,0 17,8

10 410,0 17,7

11 425,0 17,6

12 434,0 17,4

13 441,0 17,2

14 451,0 17,1

15 462,0 17,0

16 468,0 17,0

17 474,0 16,9

18 480,0 16,9

19 486,0 16,9

20 493,0 16,8

21 497,0 16,7

22 502,0 16,7

23 508,0 16,6

24 512,0 16,4

25 516,0 16,2

26 520,0 16,1

27 524,0 16,1

28 528,0 16,0

29 530,0 16,0

30 533,0 15,9

30 533,0 15,633

60 595,0 15,067

90 627,0 14,667

120 650,0 14,533

150 669,0 14,167

180 686,0 14,033
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Date 22.10.2013

Soil Fine sand - Fine gravel

Mass of water [g] 3020,2 Water content w [wt%] 13,7

Mass of soil [g] 10341,5 Void ratio n [-] 0,270

FER 15,1 Density of soil [g/cm³] 1,935

20 Saturated density [g/cm³] 2,201

Measurements

time [s] Water outflow [g] Position of foam front  [cm]

0 0,0 25,3

1 18,0 24,4

2 45,0 23,7

3 95,0 23,0

4 113,0 22,8

5 139,0 22,8

6 150,0 22,6

7 161,0 22,5

8 169,0 22,3

9 177,0 22,1

10 181,0 22,1

11 187,0 22,0

12 192,0 22,0

13 197,0 21,9

14 200,0 21,9

15 204,0 21,9

16 208,0 21,9

17 210,0 21,9

18 212,0 21,8

19 215,0 21,8

20 217,0 21,8

21 220,0 21,8

22 222,0 21,8

23 224,0 21,8

24 227,0 21,8

25 228,0 21,8

26 230,0 21,8

27 232,0 21,8

28 234,0 21,8

29 235,0 21,7

30 237,0 21,7

30 237,0 21,333

60 268,0 21,000

90 287,0 20,833

120 301,0 20,733

150 313,0 20,700

180 323,0 20,700
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Date 13.02.2014

Soil Fine sand - Fine gravel

Mass of water [g] 3088,3 Water content w [wt%] 14,9

Mass of soil [g] 9994,5 Void ratio n [-] 0,277

FER 14,7 Density of soil [g/cm³] 1,916

20 Saturated density [g/cm³] 2,201

Measurements

time [s] Water outflow [g] Position of foam front  [cm]

0 0,0 24,7

1 50,0 21,9

2 98,8 21,5

3 113,8 21,2

4 129,9 20,9

5 149,9 20,8

6 156,9 20,5

7 163,8 20,4

8 171,3 20,3

9 176,9 20,3

10 180,4 20,3

11 185,5 20,2

12 190,5 20,2

13 193,9 20,2

14 196,8 20,2

15 198,8 20,1

16 202,0 20,1

17 204,9 20,1

18 206,4 20,1

19 208,8 20,1

20 210,4 20,1

21 212,9 20,1

22 214,9 20,1

23 216,9 20,1

24 218,0 20,1

25 218,9 20,1

26 220,5 20,1

27 221,5 20,1

28 223,4 20,1

29 224,4 20,1

30 225,6 20,1

30 225,6 20,933

60 252,6 20,800

90 269,9 20,800

120 282,6 20,700

150 293,5 20,633

180 303,5 20,533



 Appendix A-19 

 

Date 27.02.2014

Soil Fine sand - Fine gravel

Mass of water [g] 3192,4 Water content w [wt%] 15,7

Mass of soil [g] 10149,7 Void ratio n [-] 0,281

FER 14,1 Density of soil [g/cm³] 1,907

20 Saturated density [g/cm³] 2,206

Measurements

time [s] Water outflow [g] Position of foam front  [cm]

0 0,0 25,2

1 16,4 23,6

2 76,7 23,0

3 119,2 22,6

4 142,1 22,3

5 161,8 22,1

6 173,8 22,0

7 184,1 21,9

8 194,4 21,8

9 201,3 21,7

10 205,7 21,6

11 210,8 21,5

12 216,2 21,5

13 220,8 21,5

14 224,1 21,5

15 227,0 21,4

16 230,3 21,4

17 232,9 21,4

18 235,3 21,4

19 237,6 21,3

20 239,3 21,3

21 241,6 21,3

22 243,6 21,3

23 245,5 21,3

24 247,1 21,2

25 249,8 21,2

26 250,6 21,2

27 252,1 21,2

28 253,9 21,1

29 254,2 21,1

30 256,2 21,1

30 256,2 21,067

60 282,7 20,833

90 299,1 20,633

120 312,8 20,567

150 324,4 20,500

180 333,3 20,467
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A.2.3 Diagrams 

A.2.3.1 Analysis of foam penetration tests 

 

Figure A-2: Penetration depths of tunnelling foam into different cohesionless soils (data 

points) including reference soils 1 (green) and 2 (orange) and power-law 

functions (continuous lines) fitted to the data 
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Figure A-3: Development of the water content of an excavated volume element based on 

foam penetration tests 

 

Figure A-4: Outflow rate of expelled water from foam penetration tests on different 

cohesionless soils including reference soils 1 (green) and 2 (orange) 
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A.2.3.2 Diagrams on correlations between regressor variables and soil parameters 

 

Figure A-5: Linear correlation of regressor a and representative grain diameters d30 

 

 

Figure A-6: Power-law correlation of regressor a and the mass-specific surface areas of the 

soils Sm 
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Figure A-7: Linear correlation of regressor a and the equivalent capillary rise hco according 

to the “MK model”, see section 5.3.1 

  

a = -0.05x + 5.79
R² = 0.864

0,0

1,0

2,0

3,0

4,0

5,0

6,0

7,0

0 50 100 150

R
e

gr
e

ss
io

n
 c

o
ef

fi
ci

e
n

t 
a

hco [cm]

Foam penetration tests into cohesionless soils
Correlation analysis of regressors and soil properties



A-24 Appendix  

A.2.3.3 Soil-water characteristic curves according to MK model 

 

Figure A-8: Soil-water characteristic curves determined with the MK model according to 

AUBERTIN ET AL. (2003) for all test soils 

 

Figure A-9: Water content-suction relationship determined with the MK model according 

to AUBERTIN ET AL. (2003) for all test soils 
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A.2.3.4 Development of water content considering foam penetration and residual 
water contents 

 

Figure A-10: Change in water content over time for volume elements composed of the 

different test soils 1 – 8 to be excavated by cutting tools with a penetration of 

20 mm 
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A.3 Slump tests 

A.3.1 Setup and testing procedure 

Test stand 

 

Figure A-11: Realised version of the modified slump test (GESING (2013)) 

  

Figure A-12: Front view sketch of the modified slump test 
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Figure A-13: Top view sketch of the modified slump test 

 

   

Figure A-14: Realised 2-d coordinate measuring plate for modified slump test 
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Figure A-15: Sketch of the 2-d coordinate plate 

 

Equipment 

 1 Slump cone according to DIN EN 12350-2 (2009-08) or modified setup 

 1 Metal bar 

 1 Bottom plate (plane metal or plastic surface) 

 1 Bucket 

 1 Shovel 

 1 Rule 

 1 Ruler 

 1 Bucket with water and cloth 

 1 Digital camera with tripod 
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Preparations 

1. Place slump cone on bottom plate and load bottom ears with weights (standard 

test) or place slump cone in guide rails (modified test) 

2. Prepare soil-foam sample according to standard testing procedure (see section 

A.1) with 13 kg soil in a concrete bowl mixture (0:00 min) 

3. Mix for 15 seconds, then scrape adhering foam from mixer walls into the sample 

and mix again for 15 seconds 

4. Moist inner cone surfaces and bottom plate with water 

5. Fill sample into bucket and weigh sample mass 

6. Fill cone with sample material in 3 layers and compact each layer with metal bar 

by 25 hits within the layer 

7. Pull-off top surface with ruler to generate a planar sample surface which is flush 

with top cone edge 

8. Weigh remaining sample mass in the bucket, determine density in the cone 

9. Clean test stand from outside adhering material, start testing (8:30 min) 

 

Procedure 

10. Pull slump cone at constant slow speed within 2 - 5 seconds (8:30 min) 

11. (Photograph from defined front position (8:50 min)) 

12. Measure slump and slump flow values (9:20 - 9:50 min) 

 

Remarks 

Control time-steps sharply 
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A.3.2 Testing protocols 
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A.3.3 Diagrams 

A.3.3.1 Slump data and analysis 

 

Figure A-16: Results from slump tests of different soil-foam mixtures depicted over FIR 

 

 

Figure A-17: Results from slump tests of different soil-foam mixtures depicted over w 
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Figure A-18: Mean slump values S (dots) and standard deviations from experiments on fine 

sand-foam mixtures over foam injection ratio FIR fitted by a second-order 

polynomial equation (continuous lines) 

 

 

Figure A-19: Mean slump values S (dots) and standard deviations from experiments on fine 

sand-foam mixtures over water content w fitted by a second-order polynomial 

equation (continuous lines) 
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Figure A-20: Mean slump values S (dots) and standard deviations from experiments on 

sand-foam mixtures over foam injection ratio FIR fitted by a second-order 

polynomial equation (continuous lines) 

 

 

Figure A-21: Mean slump values S (dots) and standard deviations from experiments on 

sand-foam mixtures over water content w fitted by a second-order polynomial 

equation (continuous lines) 
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Figure A-22: Application of model function to slump measures on fine sand-foam mixtures 

from literature 

 

 

Figure A-23: Application of the model function to slump measures of sand-foam mixtures 

from literature 
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A.3.3.2 Slump flow data and analysis 

 

Figure A-24: Results from slump flow tests of different soil-foam mixtures depicted over FIR 

 

 

Figure A-25: Results from slump flow tests of different soil-foam mixtures depicted over w 
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Figure A-26: Slumps and corresponding slump flow measures of different soil-foam 

mixtures 

 

Figure A-27: Mean slump flow values SF over corresponding mean slump values S from 

experiments on different soil-foam mixtures (data points), regression models 

according to Galli (continuous line), BUDACH (2012) (dashed line) and KAYSER 

(2015) (dotted line) 
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Figure A-28: Application of different models to slump test measurements of this study 

 

 

Figure A-29: Slump flow measures SF over corresponding slump values S from experiments 

on different soil-foam mixtures conducted by BUDACH (2012) (stars) and KAYSER 

(2015) (triangles), regression model according to Eq. 6.5 (continuous line) 
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Figure A-30: Application of prognosis model to slump flow measurements for soil 1 (fine 

sand) in dependence of different water contents and FIRs 

 

 

Figure A-31: Application of prognosis model to slump flow measurements for soil 1 (fine 

sand) in dependence of different water contents and FIRs 
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Figure A-32: Application of prognosis model to slump flow measurements for soil 2 (sand) 

in dependence of different water contents and FIRs 

 

 

Figure A-33: Application of prognosis model to slump flow measurements for soil 2 (sand) 

in dependence of different water contents and FIRs 
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A.3.3.3 h0-data and analysis 

 

Figure A-34: Development of h0 in slump tests of different soil-foam mixtures depicted over 

FIR 

 

 

Figure A-35: Development of h0 in slump tests of different soil-foam mixtures depicted over 

w 
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A.3.3.4 Application of analytical slump models and analysis 

 

Figure A-36: Yield stresses τ0,slump derived from analytical slump models for different soil-

foam-mixtures; no attribute: slump regime model (Eq. 6.19), attribute “SF”: 

spread regime model based on slump flow measure (Eq. 6.25), attribute “S”: 

spread regime model based on slump measure (Eq. 6.26) 
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Figure A-37: Development of maximal material height hmax and maximum outflow radius 

Rmax after slumping; continuous benchmark: ratio of 1.0, dashed benchmark: 

ratio of 0.33 

 

 

Figure A-38: Yield stresses derived from slump models and empirical approximation for 

closing the interim division outside the range of applicability (h0 = 0 cm and 

hmax/Rmax ≥ 0.34) based on slump flow 
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Figure A-39: Yield stresses derived from slump models and empirical approximation for 

closing the interim division outside the range of applicability (h0 = 0 cm and 

hmax/Rmax ≥ 0.34) based on slump 
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A.3.4 Output values from regression analysis 

Table A-2: Output values from multiple regression analysis of Eq. 6.1 

Parameters 

Soil 1 (Fine sand) Soil 2 (Sand) 

Reg. 1 

Confid. intervals 

Reg. 1 

Confid. intervals 

lower 

bound 

upper 

bound 

lower 

bound 

upper 

bound 

R
eg

re
ss

io
n

 c
o

ef
fi

ci
en

ts
 

b0 = -64.126 -79.334 -48.978 -41.344 -50.084 -32.615 

b1 = 4.122 2.894 5.336 4.609 3.364 5.856 

b2 = 1.147 0.811 1.483 1.713 1.374 2.053 

b3 = -0.019 -0.029 -0.009 -0.040 -0.057 -0.023 

b4 = -0.088 -0.138 -0.038 -0.131 -0.194 -0.068 

b5 = -0.004 -0.006 -0.002 -0.013 -0.017 -0.008 

t 
te

st
 

t0.95 = 2.052   2.086   

t0 = 8.669   9.873   

t1 = 6.910   7.716   

t2 = 7.000   10.536   

t3 = 3.897   4.978   

t4 = 3.608   4.352   

t5 = 4.079   6.494   

C
o

ef
f.

 o
f 

d
et

er
m

. �̅�𝟐 = 0.968   0.970   

r = 0.984   0.985   

F 
te

st
 F0 193.36   163.10   

f0.05 1.715   2.031   



 Appendix A-49 

A.3.5 Slump model considering relaxation 

As mentioned in the discussion on the applicability of the slump models, one issue that 

was disregarded in the analysis was the compressibility of the soil-foam mix. The 

material slices in the lower section of the slump body actually experience relaxation 

due to a decreasing acting pressure on their top, which in turn results in a volume 

increase. Assuming that the sample expansion mainly takes place in horizontal / radial 

direction, the slump flow measure can be affected by consideration of relaxation. One 

exemplary calculation considering these relaxation effects expressed by Eq. 6.30 and 

Eq. 6.31 is shown in the following calculation sheets for a fine sand-foam mixture with 

w = 8 wt% and FIR = 80 vol%. The yield stress was taken from rheological investigations 

for this specific mixture. The volume increase ranges around 0.4 vol% affecting the 

material spread by 3 mm. Several calculations have been performed for different 

mixture compositions. Maximum volume increases range around this dimension, 

which is why relaxation was considered negligibly small in the present approach. 
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A.4 Rheometry with BMS 

A.4.1 Setup and testing procedure 

 

Test stand 

   

Figure A-40: Rheometer with ball measuring system (BMS); right: BMS with different ball-

sizes 

 

Equipment 

 1 Bucket 

 1 Shovel 

 1 Bowl 

 1 Ruler 

 1 Scraper 

 Haegermann Table 
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Preparations 

1. Connect BMS to rheometer, adjust height of the rheometer head and setup test 

routine in the control panel 

2. Prepare soil-foam sample according to standard testing procedure (see section 

A.1) with 1,000 g soil in a bowl, mix it by hand with a scraper 

3. Insert mixture into sample container and place on Haegermann Table (or similar) 

4. Compact sample by 15 impacts with Haegermann Table (or 30  seconds e.g. on 

vibration table) 

5. Pull-off surface with ruler to generate a planar sample surface which is flush with 

container top edge 

6. Weigh sample mass, determine density 

7. Place sample in rheometer and insert BMS into sample 30 seconds prior to test 

start 

 

Procedure 

8. Start testing by initialising test routine 

 

Remarks 

Control time-steps sharply 
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A.4.2 Testing protocols 
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Repeated tests 
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A.4.3 Diagrams and formulas 

A.4.3.1 Average flow curves of main tests 

 

Figure A-41: Average flow curve data of fine sand-foam mixtures with water content w = 

2% and increasing foam content (BMS08, rounds 2 – 6); curve fitting with 

Bingham model 
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Figure A-42: Average flow curve data of fine sand-foam mixtures with water content w = 

4% and increasing foam content (BMS08, rounds 2 – 6); curve fitting with 

Bingham model 

 

Figure A-43: Average flow curve data of fine sand-foam mixtures with water content w = 

6% and increasing foam content (BMS08, rounds 2 – 6); curve fitting with 

Bingham model 
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Figure A-44: Average flow curve data of fine sand-foam mixtures with water content w = 

8% and increasing foam content (BMS08, rounds 2 – 6); curve fitting with 

Bingham model 

 

Figure A-45: Average flow curve data of fine sand-foam mixtures with water content w = 

10% and increasing foam content (BMS08, rounds 2 – 6); curve fitting with 

Bingham model 
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Figure A-46: Average flow curve data of fine sand-foam mixtures with water content w = 

12% and increasing foam content (BMS12, rounds 2 – 6); curve fitting with 

Bingham model 

 

Figure A-47: Average flow curve data of fine sand-foam mixtures with water content w = 

2% and increasing foam content (BMS12, rounds 2 – 6); curve fitting with 

Bingham model 
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Figure A-48: Average flow curve data of fine sand-foam mixtures with water content w = 

4% and increasing foam content (BMS12, rounds 2 – 6); curve fitting with 

Bingham model 

 

Figure A-49: Average flow curve data of fine sand-foam mixtures with water content w = 

6% and increasing foam content (BMS12, rounds 2 – 6); curve fitting with 

Bingham model 
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Figure A-50: Average flow curve data of fine sand-foam mixtures with water content w = 

8% and increasing foam content (BMS12, rounds 2 – 6); curve fitting with 

Bingham model 

 

Figure A-51: Average flow curve data of fine sand-foam mixtures with water content w = 

10% and increasing foam content (BMS12, rounds 2 – 6); curve fitting with 

Bingham model 
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Figure A-52: Average flow curve data of fine sand-foam mixtures with water content w = 

12% and increasing foam content (BMS12, rounds 2 – 6); curve fitting with 

Bingham model 

 

Figure A-53: Average flow curve data of fine sand-foam mixtures with water content w = 

2% and increasing foam content (BMS15, rounds 2 – 6); curve fitting with 

Bingham model 
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Figure A-54: Average flow curve data of fine sand-foam mixtures with water content w = 

4% and increasing foam content (BMS15, rounds 2 – 6); curve fitting with 

Bingham model 

 

Figure A-55: Average flow curve data of fine sand-foam mixtures with water content w = 

6% and increasing foam content (BMS15, rounds 2 – 6); curve fitting with 

Bingham model 
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Figure A-56: Average flow curve data of fine sand-foam mixtures with water content w = 

8% and increasing foam content (BMS15, rounds 2 – 6); curve fitting with 

Bingham model 

 

Figure A-57: Average flow curve data of fine sand-foam mixtures with water content w = 

10% and increasing foam content (BMS15, rounds 2 – 6); curve fitting with 

Bingham model 
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Figure A-58: Average flow curve data of fine sand-foam mixtures with water content w = 

12% and increasing foam content (BMS15, rounds 2 – 6); curve fitting with 

Bingham model 

 

Figure A-59: Average flow curve data of sand-foam mixtures with water content w = 2% and 

increasing foam content (BMS08, rounds 2 – 6); curve fitting with Bingham 

model 
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Figure A-60: Average flow curve data of sand-foam mixtures with water content w = 4% and 

increasing foam content (BMS08, rounds 2 – 6); curve fitting with Bingham 

model 

 

Figure A-61: Average flow curve data of sand-foam mixtures with water content w = 6% and 

increasing foam content (BMS08, rounds 2 – 6); curve fitting with Bingham 

model 
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Figure A-62: Average flow curve data of sand-foam mixtures with water content w = 8% and 

increasing foam content (BMS08, rounds 2 – 6); curve fitting with Bingham 

model 

 

Figure A-63: Average flow curve data of sand-foam mixtures with water content w = 10% 

and increasing foam content (BMS08, rounds 2 – 6); curve fitting with Bingham 

model 
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Figure A-64: Average flow curve data of sand-foam mixtures with water content w = 12% 

and increasing foam content (BMS08, rounds 2 – 6); curve fitting with Bingham 

model 

 

Figure A-65: Average flow curve data of sand-foam mixtures with water content w = 2% and 

increasing foam content (BMS12, rounds 2 – 6); curve fitting with Bingham 

model 
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Figure A-66: Average flow curve data of sand-foam mixtures with water content w = 4% and 

increasing foam content (BMS12, rounds 2 – 6); curve fitting with Bingham 

model 

 

Figure A-67: Average flow curve data of sand-foam mixtures with water content w = 6% and 

increasing foam content (BMS12, rounds 2 – 6); curve fitting with Bingham 

model 
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Figure A-68: Average flow curve data of sand-foam mixtures with water content w = 8% and 

increasing foam content (BMS12, rounds 2 – 6); curve fitting with Bingham 

model 

 

Figure A-69: Average flow curve data of sand-foam mixtures with water content w = 10% 

and increasing foam content (BMS12, rounds 2 – 6); curve fitting with Bingham 

model 
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Figure A-70: Average flow curve data of sand-foam mixtures with water content w = 12% 

and increasing foam content (BMS12, rounds 2 – 6); curve fitting with Bingham 

model 

 

Figure A-71: Average flow curve data of sand-foam mixtures with water content w = 2% and 

increasing foam content (BMS15, rounds 2 – 6); curve fitting with Bingham 

model 
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Figure A-72: Average flow curve data of sand-foam mixtures with water content w = 4% and 

increasing foam content (BMS15, rounds 2 – 6); curve fitting with Bingham 

model 

 

Figure A-73: Average flow curve data of sand-foam mixtures with water content w = 6% and 

increasing foam content (BMS15, rounds 2 – 6); curve fitting with Bingham 

model 
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Figure A-74: Average flow curve data of sand-foam mixtures with water content w = 8% and 

increasing foam content (BMS15, rounds 2 – 6); curve fitting with Bingham 

model 

 

Figure A-75: Average flow curve data of sand-foam mixtures with water content w = 10% 

and increasing foam content (BMS15, rounds 2 – 6); curve fitting with Bingham 

model 
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Figure A-76: Average flow curve data of sand-foam mixtures with water content w = 12% 

and increasing foam content (BMS15, rounds 2 – 6); curve fitting with Bingham 

model 
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A.4.3.2 Formulas for the determination of BMS-yield stresses and diagrams 

τ0,FS,BMS08 = 1686.632 − 53.398 ∙ w − 24.539 ∙ FIR Eq. A-1 

+0.400 ∙ w ∙ FIR + 0.099 ∙ FIR² [Pa] R² = 0.945 

 

Figure A-77: Development of “BMS yield stresses” (Bingham) from flow curve tests on fine 

sand-foam mixtures (BMS08) depicted over FIR; data fitting with second-order 

polyn. function 

 
Figure A-78: Development of “BMS yield stresses” (Bingham) from flow curve tests on fine 

sand-foam mixtures (BMS08) depicted over w; data fitting with second-order 

polyn. function 
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τ0,FS,BMS12 = 1732.975 − 68.934 ∙ w − 24.798 ∙ FIR Eq. A-2 

+0.578 ∙ w ∙ FIR + 0.095 ∙ FIR² [Pa] R² = 0.957 

 

Figure A-79: Development of “BMS yield stresses” (Bingham) from flow curve tests on fine 

sand-foam mixtures (BMS12) depicted over FIR; data fitting with second-order 

polyn. function 

 

Figure A-80: Development of “BMS yield stresses” (Bingham) from flow curve tests on fine 

sand-foam mixtures (BMS12) depicted over w; data fitting with second-order 

polyn. function 
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τ0,FS,BMS15 = 649.714 − 46.290 ∙ w − 3.552 ∙ FIR + 2.204 ∙ w2  [Pa] 

 R² = 0.890 Eq. A-3 

 

Figure A-81: Development of “BMS yield stresses” (Bingham) from flow curve tests on fine 

sand-foam mixtures (BMS15) depicted over FIR; data fitting with second-order 

polyn. function 

 

Figure A-82: Development of “BMS yield stresses” (Bingham) from flow curve tests on fine 

sand-foam mixtures (BMS15) depicted over w; data fitting with second-order 

polyn. function 
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τ0,S,BMS08 = 806.255 − 50.075 ∙ w − 12.704 ∙ FIR + 0.739 ∙ w ∙ FIR [Pa] 

 R² = 0.939 Eq. A-4 

 

Figure A-83: Development of “BMS yield stresses” (Bingham) from flow curve tests on sand-

foam mixtures (BMS08) depicted over FIR; data fitting with second-order 

polynomial function 

 

Figure A-84: Development of “BMS yield stresses” (Bingham) from flow curve tests on sand-

foam mixtures (BMS08) depicted over w; data fitting with second-order 

polynomial function 
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τ0,S,BMS12 = 699.385 − 40.012 ∙ w − 16.114 ∙ FIR Eq. A-5 

+0.339 ∙ w ∙ FIR + 0.851 ∙ w2 + 0.121 ∙ FIR² [Pa] R² = 0.965 

 

Figure A-85: Development of “BMS yield stresses” (Bingham) from flow curve tests on sand-

foam mixtures (BMS12) depicted over FIR; data fitting with second-order 

polynomial function 

 

Figure A-86: Development of “BMS yield stresses” (Bingham) from flow curve tests on sand-

foam mixtures (BMS12) depicted over w; data fitting with second-order 

polynomial function 
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τ0,S,BMS15 = 420.304 − 13.664 ∙ w − 4.728 ∙ FIR [Pa] R² = 0.960 Eq. A-6 

 

Figure A-87: Development of “BMS yield stresses” (Bingham) from flow curve tests on sand-

foam mixtures (BMS15) depicted over FIR; data fitting with second-order 

polynomial function 

 

Figure A-88: Development of “BMS yield stresses” (Bingham) from flow curve tests on sand-

foam mixtures (BMS15) depicted over w; data fitting with second-order 

polynomial function 
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