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ABSTRACT 

Seepage control in earthen dam and embankment is one of the most challenging 
issues in Geotechnical Engineering. An effective measure to reduce and control the 
seepage in the context of alluvial soil characteristics in Bangladesh may be 
permeation grouting, whereby, seepage of permeant-fluid in horizontal direction is the 
common phenomenon rather than that of vertical direction. As such, it is desirable to 
emphasize horizontal controlling of seepage. The main objective of this study was to 
examine the phenomenon of permeation grouting due to horizontal infiltration of 
grouts and to measure the strength performance of grouted soil. 

In this study, a test program was conducted using a specially prepared permeameter 
and water-bentonite grout suspension. A series of tests was carried out in order to 
determine the appropriate grout suspension for an effective control of seepage through 
pores of granular soil medium. Tests were carried out for both horizontal and vertical 
directions of flow of grout suspension. Besides, direct shear tests were conducted to 
investigate the strength properties of sandy soil sample. In a view to assess 
permeation characteristics during the grout operation, different parameters like 
injection time to stop grout flow, injected grout weight, penetration distance for 
various bentonite concentration were measured and the time dependent flow rate 
variation was also monitored. Appropriate range of bentonite concentration and the 
optimum doze within the range was investigated.  

The experimental study showed that the appropriate range of bentonite concentration 
for the sandy soil sample is 1% to 3% considering the grouting parameters like 
injection time, injected grout weight, penetration distance etc. It is found that as per 
laboratory tests, 2.5% grout concentration may be considered as the optimum doze of 
grouting. Direct shear tests on the grouted soil sample provided very little indicative 
results of increasing shear strength by bentonite grouting operation.  
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NOTATION 

 

 

k  Coefficient of permeability  

Q  Flow rate 

i  Hydraulic gradient 

A  Cross-sectional area of cylinder 

a  Cross-sectional area of standpipe 

L  Sample length 

H  Constant head 

t  Time 

N  Groutability (or groutibility ratio) of soil 

15D  Diameter of soil passing 15% of total soil mass 

85D  Diameter of soil passing 85% of total soil mass 

gmp  Maximum grout pressure 

0k  Lateral earth pressure coefficient at rest condition 

  Angle of shearing resistance 

p  Pressure difference between grout pressure ( ) and water 
pressure ( ) 

s  Yield stress of the grout 
c  Cohesion 

d  Dry unit weight 

uC  Uniformity coefficient 

cC  Coefficient of gradation 

10D  Effective size 

e  Void ratio 

r  Correlation coefficient 
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Chapter One 

INTRODUCTION 

1.1 General 

Bangladesh is a country of rivers. Many dams and earthen embankments are being 

constructed as a slope protection measure all over Bangladesh from time to time. In these 

types of structures, seepage and erosion are the main failure problems that occur due to 

flood or other reasons. Control of seepage in earthen dam and embankment has become 

as one of the most challenging issues in Bangladesh. Permeation grouting can be an 

effective measure to minimize this seepage. 

1.2 Background 

Bangladesh experienced massive damages of many embankments due to flood in 2007. 

From investigations it were identified that the major causes of these failures were breach 

of the embankment, seepage, overflow, erosion and sliding (Hossain et al., 2011). 

Internal erosion of the foundation or embankment caused by seepage is known as piping.  

The stability of the earthen embankment is influenced by under seepage occurred during 

the increase and decrease of the adjacent water level in the river or reservoir (Morii and 

Kunio, 1993). Under-seepage occurs due to hydrostatic head difference of water when 

the river level is higher than the adjacent land, creating a hydraulic gradient in the 

granular deposits under the embankment as illustrated in Figure 1.1. The seepage occurs 

(from river bed or top stratum on the riverside) beneath the embankment, producing 

excess pressures landward. The concentrated seepage delivers sand/silt up to the surface 

(sand boils) and creates open channels through eroding the foundation soils (piping) 

which leads to levee or embankment failures (Yoon, 2011). 

The under seepage phenomenon beneath the earthen embankment may be controlled by 

treating the granular soil deposits with the grout suspension delivered by permeation 

(permeation grouting), resulting in a less permeable deposit. In contrast to the other 

seepage control measures like riverside blankets, relief wells, seepage berms, cutoffs 

etc., permeation grouting has some definite advantages. Permeation grouting does not 

destruct the original soil structure in the process and the grouting operation creates 
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minimal ground disturbance and can be used for in situ remediation to existing 

structures. Therefore it is suitable for earth embankments located near urban ares of 

Bangladesh whereas excavation (for slurry wall), disposals, driving (for sheet piling) are 

problematic due to enormous surrounding structures. Since it is an in-place technique, 

disposal costs and labor work can be reduced. While cement suspensions and chemical 

solutions have been widely utilized as grouts for many decades, they may cause 

groundwater contamination due to long term reaction with groundwater. As an 

alternative, clay suspension, such as bentonite suspension, can be a more 

environmentally friendly solution. Due to the greater specific area of bentonite than 

cement, the permeated suspensions will become more stable in the pore space over time 

(Yoon, 2011). In addition, when the objective of grouting is only to reduce the 

permeability, bentonite grouts can be the most economical solution (Gulhati and Datta, 

2005).  

 
                              (a)                                                                (b) 

 

                             (c)                                                                  (d) 

Figure 1.1:   Failure patterns of earthen embankment: (a) seepage through and under an 
earth dam, (b) cross section between dry and saturated soil in a typical earth 
dam, (c) failure of dam due to piping through dam body and (d) under 
seepage through pervious sand foundation (failure due to piping). 

So, control of seepage in earthen dam and embankment etc. has become as one of the 

most challenging issues in Bangladesh. In this regard, many studies and researches have 

been accomplished in the world. Permeation grouting can be one of the most effective 

and suitable solution measures to minimize and control the seepage and its related 

problem in context of soil characteristics in Bangladesh. In prospect of Bangladesh, 

controlling of seepage in dam, embankment and other slope protection structures will 
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work as a direct beneficial outcome. Moreover, by permeation grouting some other 

indirect advantages can also be obtained like soil strengthening and water tightness. The 

main job in permeation grouting is to permeate a concentrated suspension through the 

pores of granular soil.  

Seepage occurs in both vertical and horizontal directions. Horizontal seepage is mostly 

common phenomenon in earthen dam, embankment etc. than that of the vertical seepage. 

So it will be a practical case to give emphasis on controlling seepage in horizontal 

direction. So, laboratory tests on soil sample and other similar materials are relevant to 

comprehend the soil behavior in this regard. 

Jadid et al. (2015) investigated the behavior of bentonite suspensions through granular 

soils for vertical sand columns and revealed the improvement of soil property in context 

of permeability by grouting. Jadid et al. (2015), however, recommended performing the 

study in horizontal sand columns.  

In this study, an experimental test program has been conducted to investigate the 

horizontal permeation of grouting materials (mainly by bentonite suspension) into a 

granular sandy soil medium. For this purpose, necessary tools have been developed to 

perform the test in horizontally placed sand specimen. The purpose of this research work 

is to use the outcome for general construction purpose in Bangladesh like construction of 

dam, embankment, tunnel etc. 

1.3 Objectives of the Research 

This study is carried on to make a mechanical tool to view the behavior of grouting in 

soil. In view of this aim, objective is also to obtain the influence zone of permeation 

grouting in horizontal direction of sandy soil sample and to identify the probable 

improvement of shear strength of sandy soil due to grouting. The main objectives of the 

research work are as follows: 

a) To develop a device for determining the improvement of soil characteristics in 

respect of permeability and retention by grouting of soil especially using the sandy 

soil. 

b) To examine the horizontal infiltration of grouts in sand sample. 
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So, the prime objective of this thesis work is to examine the horizontal infiltration of 

grouts in sand sample for finding out the optimum doze of grout to control seepage.  

1.4 Organization of the Thesis 

The contents of this research study have been arranged in five chapters which are briefly 

summarized as below: 

Chapter One has been an introductory part on the thesis topic. This chapter includes 

background, importance and reasons of conducting this study and outlines the objectives 

and organization of the thesis work.  

Chapter Two illustrates literature review on different grouting techniques, grouting 

materials, principle theorem of permeability, summary of permeation grouting, 

characteristics and features of grouting on soil, different influencing factors of grouting 

technique.  

Chapter Three describes methodology of the research. This chapter includes relevant 

material properties, preparation of experimental and experimental setup, preparation of 

grouting materials and the experimental program. 

Chapter Four presents results and findings of the study. This chapter incorporates the 

results of the test program as well as the detailed analysis of different parameters on the 

obtained test results. 

Conclusions of this study are presented in Chapter Five. Some recommendations for 

future study have also be been reported.  
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Chapter Two 

LITERATURE REVIEW 

2.1 Introduction 

The present study is mainly concerned with the permeation phenomenon of bentonite 

grouts in sandy soils. In this chapter, the principles of different grouting techniques and 

general permeability behavior of soil are discussed and important available literature 

reviews related to the research work are discussed. 

2.2 Grouting in Soil 

Grouting is a process for filling the voids, fissures or cavities existing in the soil and rock 

used to strengthen the soil formations, either temporarily during construction or 

permanently for increased strength and load bearing capacity. There are four distinctly 

different mechanisms by which this is accomplished: densification, cohesion, 

reinforcement and chemical change. Grouting is often performed in soil to lower the 

permeability and inhibit the movement of water. There are three classes of grouting 

materials (Sio-Keong, 2005): 

(i) Suspension type grouts: Small particles of solids are distributed in a liquid 

dispersion medium, e.g. cement and clay in water having a Bingham’s fluid 

characteristics.  

(ii) Emulsion type grouts: A two phase system containing minute (colloidal) 

droplets of liquid in a disperse phase, e.g. bitumen and water that are evolutive 

Newtonian fluids in which viscosity increases with time. 

(iii) Solution type grouts: Liquid homogeneous molecular mixtures of two or more 

substances, e.g. sodium silicate, organic resins, and a wide variety of other so-

called chemical grouts, non-evolutive Newtonian solutions in which the 

viscosity is constant until setting within an adjustable period. 

The suspension type grouts include clay, cement and lime, while the emulsion type 

grouts include bitumen and the solution type grouts include a wide variety of chemicals. 

With various pressures and operations applied in the grouting process, the improvement 
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can be achieved in various forms like permeation or penetration, compaction or 

controlled displacement and hydro fracturing or uncontrolled displacement which is 

shown in Figure 2.1. 

2.3 Scope and Application of Grouting 

The use of grouting has become more popular in the recent years due to rapid 

development of sub-surface urban infrastructures (e.g. basement, subway and metro rail 

transport system etc.), underground facilities (e.g. common services duct and deep tunnel 

sewer system) and civil defense (e.g. shelter and storage). Grouting can be used to 

improve the condition of site against possible construction problems, such as: 

(i) To reduce permeability of soil for minimizing seepage effect. 

(ii) To strengthen soils for improving its load carrying capacity, excavation 

stability and resistance against liquefaction effect. 

 

Figure 2.1  Various forms of improvement in soil and rock grouting: (a) permeation 
grouting (penetration), (b) compaction grouting (controlled displacement) 
and (c) hydro-fracturing (uncontrolled displacement) (Koerner, 1985) 
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(iii) To improve stability of existing structures and to adjust profile of distorted 

structures. 

(iv) To stabilize ground for facilitating tunneling or shaft excavation. 

(v) To form a barrier or cutoff to water or contaminant flow in the ground. 

(vi) To fill voids to prevent excessive settlement. 

(vii) To prevent loose-loose to medium sand densification under adjacent structures 

(i.e., both for vertical and lateral movements) due to adjacent excavations, pile 

driving etc. 

(viii) To attain foundation underpinning. 

(ix) To perform Slope stabilization works. 

(x) To control the volume change of expansive soils through pressure injection of 

grout slurry (only for some expansive soils not all). 

2.4 Different Types of Grouting 

The use of grouting is becoming increasingly important for dams and levees, and other 

aging infrastructure. Though there are various types of grouting, permeation grouting is 

the only kind of grouting for which design equations and relationships exist. All other 

kinds of grouting are follow-ups and they comprise a list of processes variously called 

compaction grouting, soil fracture grouting, compensation grouting, jet grouting, 

consolidation grouting and seepage grouting which are not grouting at all, but is soil 

mixing.  

2.4.1 Permeation Grouting 

Permeation grouting is typically defined as the flow of a low-viscosity grout (bentonite, 

sodium silicate, microfine cement, acrylate or polyurethane) into the pores of the soils, 

aggregates (or cracks, joints or generally small defects in rock, concrete or masonry) 

without displacing or changing the original soil structure. It is also referred to as 

penetration grouting. It is the most common and oldest form of soil grouting. The 

conceptual diagrams of permeation grouting are shown in Figures 2.2, 2.3(a) and 2.5(b). 
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Figure 2.2  Permeation grouting: conceptual diagram of soil solidification by 
permeation grouting (after Ronald and Riley, 1995) 

 

Figure 2.3 Grouting: (a) permeation grouting in soil and (b) rock grouting 

2.4.2 Compaction Grouting 

Compaction or low mobility grouting is the high pressure injection of a thick immobile 

grout into subsurface soils. The stepwise procedure of compaction grouting technique is 

shown in Figure 2.4. Because of high viscosity the grout expands radially as a 

homogenous bulb from the injection point instead of permeating into the soil pores as 

shown in Figure 2.5(a). Compaction grouting is commonly used for increasing bearing 

capacity, arresting or reducing foundation settlements, reduction of liquefaction potential 

and lifting and leveling structures. 
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Figure 2.4 Stepwise process of compaction grouting 

      

                        

Figure 2.5 (a) Compaction grouting and (b) permeation grouting 

(a) (b) 



10 

 

2.4.3 Fracture and Compensation Grouting 

 Fracture grouting is the intentional fracturing of the ground by high-pressure injection of 

cement based grout through sleeve port pipes to form intertwined lenses or veins of grout 

in order to provide reinforcement and even some consolidation of the soil. Grouting is 

typically performed in several phases with repeat injections at each port to ensure the 

formation of multiple fractures through the soil. 

When performed concurrently with underground construction such as soft ground 

tunneling, fracture grouting of the soils between the tunnel and the overlying structures 

has specific design intent of providing a controlled ground heave to compensate for 

potential structural settlement. Such an application of fracture grouting is referred to as 

compensation grouting is illustrated in Figure 2.6. 

 

 

 
Figure 2.6 Fracture grouting: (a) perspective view and (b) section view 
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2.4.4 Rock Curtain Grouting 

Rock curtain grouting is the filling or partly filling by grout injection of fractures, 

fissures and joints in a rock mass to reduce permeability, to strengthen or stabilize the 

rock, or both as shown in Figure 2.3(b). The grout curtain is constructed by the drilling 

and grouting of closely-spaced drill holes oriented to optimize the intersection of rock 

joints. Its applications include: 

(i) Reduction of water seepage and pressure beneath a dam or other structure. 

(ii) Control of seepage beneath a cut-off wall for "bathtub" excavations. 

(iii) Pretreatment of permeable rock masses. 

(iv) Control of seepage under a frozen cut-off wall. 

(v) Grouting of a water bearing zone to minimize the quantity of water to be 
handled within a shaft excavation. 

2.4.5 Jet Grouting 

Jet Grouting uses high-pressure, high-velocity jets to hydraulically erode, mix and 

partially replace the in situ soil or weak rock with cementitious grout slurry to create an 

engineered soil-cement product of high strength and low permeability,. The process of 

jet grouting is shown in Figures 2.7 and 2.8. Jet grouting can be performed above or 

below the water table and in most subsurface stratigraphies from cohesionless soils to 

highly plastic clays. 

The three basic systems in general use are single-fluid, double-fluid and triple-fluid jet 

grouting. Selection of the most appropriate system is dependent on the in situ soil 

characteristics and the application. Jet grouting has a number of construction-related 

applications, including: 

(i) Structural underpinning and excavation support. 

(ii) Groundwater control or cut-off. 

(iii) Utility support. 

(iv) Temporary or permanent soft soil stabilization. 

(v) Slope stabilization. 

(vi) Hazardous waste containment. 
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Figure 2.7 Process of jet grouting 

 

 

Figure 2.8 Conceptual diagram of pressure grouting 
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2.4.6 Structural Seepage Grouting 

Structural seepage grouting is the sealing off of flow paths by grouting directly into 

defects (cracks, joints or open separation) in the floors, walls or roof of a structure. Since 

the work is typically accomplished under flowing water conditions, quick-acting water-

reactive polyurethane grouts are commonly used. Cement-based materials and epoxies 

can be utilized in less difficult situations. Candidates for permanent structural seepage 

grouting include basements and underground chambers. Temporary earth support 

candidates may include slurry walls, steel sheeting, or mud slabs. 

2.4.7 Hot Bitumen Grouting 

Hot bitumen grouting is the injection of a very fluid bitumen grout to plug high-volume 

water flow paths through rock formations. As the bitumen comes into contact with water 

it loses heat, rapidly becoming extremely viscous and resistant to washout. Injections are 

repeated until full closure of the flow path is achieved.  Applications for hot bitumen 

grouting are quarries and dams. 

2.5 Purpose of Permeation Grouting and Its Scope 

The definition of permeation grouting has been presented under Section 2.2.2. It involves 

the injection of grout at low pressures into the soil matrix in an effort to permeate or 

encapsulate the individual soil grains without otherwise disturbing the natural state of the 

soil. 

This grouting is the longest established and most widely used grouting technique. The 

characteristics of the ground are modified with the hardening or gelling of the grout. 

Depending on the requirements of the project, grout materials can be temporary or 

permanent. Permeation grouting may serve two purposes:  

(i) To reduce soil permeability and provide water tightening and 

(ii) To increase the strength and cohesion of granular soils. 

Permeation grouting can be a very cost effective solution for significant infrastructure 

challenges and ground improvements. It is the only type of grouting that can be used in 

all of the different media into which grout may be pumped. Primary applications of 

permeation grouting include: 
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(i) Pre-excavation grouting for excavations in soil or poorly cemented sedimentary 

rock. 

(ii) Improvement of excavation conditions at portals, shallow shafts, or along 

alignments. 

(iii) Soil stabilization for excavation support. 

(iv) Ground modification. 

(v) Groundwater control on tunneling projects. 

(vi) Utility and footing support. 

(vii) Water cut-off. 

(viii) Exclusion or in situ containment of contamination on environmental projects 

and 

(ix) Sealing off of high permeability backfill. 

In this research permeation grouting has been carried out for the following reasons:  

(i) This type of grouting technique requires less sophisticated equipmental facility. 

(ii) It can be a very cost-effective solution for significant infrastructure challenges. 

(iii) Bangladesh is delta land. It is an appropriate and most effective method for the 

dams and embankment those are constructed with granular soils in Bangladesh.   

(iv) This method is the most ordinary methodology for larger scale work like in 

dam, embankment and excavation works etc. 

2.6 Permeability and Its Characteristics of Soil 

Permeability is a measure of the ease with which a fluid (usually water) can flow through 

as soil. The permeability of a material is generally described by the coefficient of 

permeability coefficient (k), which is the average velocity of a fluid through a unit area 

driven by a unit hydraulic gradient within the material. In 1856, Henry Darcy derived an 

empirical formula for the behavior of flow through saturated soils under steady state 

conditions. He determined that the flow rate (Q) through a saturated soil was directly 

proportional to the cross-sectional area (A) of soil normal to the direction flow under the 
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hydraulic gradient (i) as expressed by the following formula: 

Q kiA  (2.1) 

The permeability characteristic of soil to grout is an important factor in the study of 

permeation grouting. This property is necessary for the calculation of seepage through 

earth dams or under sheet pile walls, the calculation of the seepage rate from waste 

storage facilities (landfills, ponds, etc.) and the calculation of the rate of settlement of 

clayey soil deposits. Moreover, the factors of influencing the permeability of soil 

(Lambe, 1969) are also necessary. According to Lambe (1969), the following five factors 

influence the permeability of soil to water: 

(i) Particle size. 

(ii) Void ratio (with linear relationship found between k value and void ratio). 

(iii) Composition (e.g. content of fines and coarse sand). 

(iv) Fabric and 

(v) Degree of saturation. 

All these influencing factors are also found applicable to the permeability of soil to 

cement grout (Mitchell, 1981 & Perret et al., 2000). For the saturated sandy soil adopted 

in the present study, the first three factors have a significant influence on the 

permeability characteristics of sand. 

2.6.1 Permeability in Sands and Clays 

Sands are of a granular nature with relatively large void spaces. So, sands have a high 

permeability. Sands are naturally occurring sedimentary material with diameters ranging 

from 0.06mm to 2mm. Due to the high permeability of sands, they drain relatively 

quickly. Clays are also a naturally occurring material composed primarily of fine grained 

minerals that develop plasticity with the addition of water. Clay is typically a fine flake 

shaped particle with diameters less than 0.002mm. So, clays have a low permeability. 

Due to the low permeability of clays, they drain very slowly. Table 2.1 and 2.2 shows the 

ranges of permeability and drainage characteristics based on soil types. 
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Table 2.1 Permeability and drainage conditions of soils (Lambe and Whitman, 1969) 

Coefficient of 

Permeabilty (cm/sec.) 

Types of Soil Drainage Conditions 

101 to 102 Clean gravel Good 

101 Clean sand Good 

10-1 to 10-4 Clean sand and gravel mixtures Good 

10-5 Very fine sand Poor 

10-6 Silt Poor 

10-7 to 10-9 Clayey soils Practically impervious 

Table 2.2 Typical values of permeability for sands (Murthy, 2003) 

Type of Sand 

(U.S. Army Engineer classification) 

Coefficient of Permeability,  

k (x 10
-4

) (cm/sec.) 

Very fine sand 50 

Fine sand 200 

Fine to medium sand 500 

Medium sand 1000 

Medium to coarse sand 1500 

Gravel and coarse sand 3000 

2.6.2 Vertical and Horizontal Permeability 

Natural soil deposits are almost always stratified or in layers. Soil stratification and 

discontinuities provide flow channels within the soil which are less resistive to flow. Due 

to the variability associated with geological formations of soils, orientation of soil 

particles and discontinuities, there is high demand that a methodology be found that can 

measure permeability rapidly at multiple depths and locations. 

This variability associated with natural soil deposits contribute to as soil’s anisotropy. 

That is, the coefficients of permeability in the horizontal and vertical directions are 

different. The orientation of particles in soils which have been consolidated vertically 

and discontinuities in layers ensure that the average permeability in the horizontal plane 

is greater than that of the vertical plane. Soil permeability in the horizontal and vertical 

directions is greatly affected by the sizes and orientation of soil particles as well as any 



17 

 

discontinuities present. Soil permeability is an important parameter for any geotechnical 

design where flow of water through soil is a matter of concern. Therefore, in order to 

ensure an efficient design, it expected that the soil permeability in both the vertical and 

horizontal directions can be determined.  

2.6.3 Determination of Permeability of Soil in Laboratory 

Two general types of permeability test methods are routinely performed in the 

laboratory: (a) the constant head test method and (b) the falling head test method. The 

constant head test method is used for permeable soils (k>10-4 cm/s) and the falling head 

test is mainly used for less permeable soils (k<10-4 cm/s).  

Constant Head Test: The constant head method is suggested for soils with a coefficient 

of permeability not less than 10-3 cm/s (Terzaghi and Peck). For very fine soils, with low 

permeability values the constant head test may be considered unsatisfactory because of 

the length of time needed for as sufficient quantity of water to flow through the sample 

and the possibility of evaporation losses of this water (Davidson, 2002). ASTM D 2434 

is the standard test method for permeability of granular soils (constant head). The 

purpose of this test is to determine the permeability (hydraulic conductivity) of a sandy 

soil by the constant head test method. A schematic diagram of the constant head  

 

Figure 2.9 Schematic view of laboratory setup for constant head test method 
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permeability apparatus is shown in Figure 2.9 which consists of a vertical cylindrical 

tube containing the soil specimen. The sample length (L) and cross-sectional area (A) is 

subjected to a constant head (H) of water flow. Under steady state and fully saturated 

conditions, the volume of water (Q) collected in a given time (t) is measured. The value 

of the coefficient of permeability (k) can then be calculated directly from the equation 

below: 

QL
k

HAt



 (2.2) 

Falling Head Test: The fallling head method is suggested for soils with a coefficient of 

permeability not greater than 1 cm/s (Terzaghi and Peck). For very coarse soils with high 

permeability, the falling head test may be unsatisfactory because the water column drops 

so rapidly that accurate timing of its fall may be difficult (Davidson, 2002).  

A schematic diagram of the falling head permeability apparatus is shown in Figure 2.10. 

The sample length (L) is placed in a vertical cylinder with a cross-sectional area (A). A 

standpipe of cross-sectional area (a), is attached to the test cylinder. Under steady state 

and fully saturated conditions, the change in head (Hi-Hf) with respect to time (t) is 

measured. The value of the coefficient of permeability (k) can then be calculated directly 

from the equation below: 

2.3 ln i

f

HaL
k

At H
  (2.3) 

 
Figure 2.10 Schematic view of laboratory setup for falling head test method 



19 

 

2.7 Direct Shear Test 

A direct shear test is a quick and inexpensive laboratory or field test to measure the shear 

strength parameters of both fine and coarse grained soils either in undisturbed or 

remolded state. To facilitate the remoulding purpose, a soil sample may be compacted at 

optimum moisture content in a compaction mould. Then specimen for the direct shear 

test can be obtained using the correct cutter provided. Alternatively, sand sample can be 

placed in a dry state at a required density, in the assembled shear box. 

The test is performed on three or four specimens from a relatively undisturbed soil 

sample. A specimen is placed in a shear box which has two stacked rings to hold the 

sample; the contact between the two rings is at approximately the mid-height of the 

sample. A confining stress is applied vertically to the specimen, and the upper ring is 

pulled laterally until the sample fails, or through a specified strain. The load applied and 

the strain induced is recorded at frequent intervals to determine a stress–strain curve for 

each confining stress. Several specimens are tested at varying confining stresses to 

determine the shear strength parameters, the soil cohesion ( ) and the angle of internal 

friction ( ). The results of the tests on each specimen are plotted on a graph with the 

peak (or residual) stress on the y-axis and the confining stress on the x-axis. The y-

intercept of the curve which fits the test results is the cohesion, and the slope of the line 

or curve is the friction angle. 

 

Figure 2.11 Schematic showing direct shear test equipment 

https://en.wikipedia.org/wiki/Shear_strength
https://en.wikipedia.org/wiki/Shear_strength
https://en.wikipedia.org/wiki/Strain_(materials_science)
https://en.wikipedia.org/wiki/Stress%E2%80%93strain_curve
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Figure 2.12 Soil sample in the direct shear box 

 

Figure 2.13 Stress state at failure in direct shear test and its Mohr’s representation 

 

Figure 2.14 Typical stress-strain curves showing the stable and unstable yielding  
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Figure 2.15 Typical results of direct shear test: (a) stress-strain curves and                         
(b) determination of shear strength parameters for a dry sand 

Direct shear tests can be performed under several conditions. The sample is normally 

saturated before the test is run, but can be run at the in-situ moisture content. The rate of 

strain can be varied to create a test of undrained or drained conditions, depending 

whether the strain is applied slowly enough for water in the sample to prevent pore-water 

pressure buildup. Direct shear test machine is required to perform the test. The test using 

the direct shear machine determinates the consolidated drained shear strength of a soil 

material in direct shear. 

The advantages of the direct shear test over other shear tests are the simplicity of setup 

and equipment used, and the ability to test under differing saturation, drainage, and 

consolidation conditions. 

2.8 Historical Background and Factors of Permeation Grouting 

The history of permeation grouting can be traced to the late 1800s (Glossop, 1961). The 

permeation grouting has been successfully used to control ground water flow, stabilize 

excavations in soft ground, underpin existing foundations and prevent seismically 

induced settlement and liquefaction (Ronald and Riley, 1995). However, permeation 

process is applicable for some formations depending on the types of grouts used. In 

addition, it is difficult to predict the grout penetration radius and the flow of grout in 

heterogeneous soils because the grout tends to follow the path of high permeability. 

There are number of factors which influence the effectiveness of permeation grouting are 

briefly described in the following subsections. 

 

(a) (b) 
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2.8.1 Grouting Technique 

Permeation grouting is influenced mainly by the permeability of the ground. The 

significant variation in permeability found in natural soils and rocks required a range of 

grout and grouting technique which for effective treatment. The different grouting 

techniques with relevant ground types have been shown in Table 2.3. In this table, the 

coefficient of permeability to water ( ) do not take into consideration of the influence of 

viscosity (i.e.     ratio) on the injectability of grout and the method of measurement 

for k value is not reported, therefore, it can be used as a general guide only. 

Table 2.3 Grouting technique with relevant ground types (European Standard, 1996) 

Type of soil Coefficient of 

permeability ( ) 

range (m/s) 

Type of 

permeation 

Compaction/ hydro-

fracture/ jet grouting 

Gravel, coarse 

sand and sandy 

gravel 

 

> 5 x 10-3 

Pure cement 

suspension, 

cement based 

suspensions 

Mortars, cemented 

based suspensions 

Sand, medium 

sand 

 

5 x 10-3  to  1 x 10-5 

Micro-fine 

suspensions, 

solution 

Cemented based 

suspensions 

Fine sand, silt, 

silty clay  

 

5 x 10-4  to  1 x 10-6 

Specific 

chemicals 

Cement based mortars, 

Cement based 

suspensions 

2.8.2 Grout Materials 

There are two types of permeation grouting based on injection materials: particulate 

(bentonite and cement) and chemical grouting (resins or other polymers) as summarized 

in Table 2.4. Particulate grouts, mainly cement grouts, are composed of water and 

Portland cement, and the properties of grouts vary with the water to cement ratio (   ). 

Moreover, the blending with an additive, such as bentonite and sodium silicate, changes 

grout properties. Similar to the particulate grouts, the chemical grouts penetrate into the 



23 

 

soil by permeation. However, chemical grouts can penetrate into finer grained soils 

which are inaccessible to particulate grouts. While cement suspensions and chemical 

solutions have been widely utilized as grouts for many decades, they may cause 

groundwater contamination due to long term reaction with groundwater (Yoon, 2011). 

This implies that bentonite can be an alternative in terms of environmental friendliness 

and long term safety.  

Table 2.4 Permeation grouting (after Gulhati and Datta, 2005) 

Type of 

grout 

Constituents Ratio of water 

to cement or 

soil 

Grain size range and 

minimum permeability 

(  in m/s) 

Relative 

Cost 

Cement  

Water and 

cement 

(suspension) 

2:1 ~ 10:1 

Gravel to coarse sands, 

D10 ≥  1.0 mm 

k > 5 x 10-4 m/s 

2.5 

Bentonite 

Water and 

bentonite 

(suspension) 

4:1 ~ 10:1 

Gravel to fine sands,  

D10 ≥  0.1 mm 

k > 5 x 10-5 m/s 

1.0 

Chemical 
Silicates, resins 

etc. (solution) 
- 

Gravel to coarse silt,  

D10 ≥  0.015 mm 

k > 1 x 10-6 m/s 

10 ~ 30 

2.8.3 Groutability 

Groutability of soil is of primary concern in field applications. The ability of the grout to 

reach the desired location in the soil mass is expressed by groutability. A groutable soil 

is one which under practical pumping pressure limitations, accept the injection of a 

chemical grout at a sufficient flow rate to make the project economically feasible (Baker 

1982). The initial permeability or the grain size distribution is used to determine the 

groutability of soil. Soils with fines content more than 20% (particles smaller than #200 

US sieve size) have been reported to be non-groutable (Baker 1982). 

For being groutable, the grout should possess sufficiently high fluidity and the suspended 

particles, if any, must be of a size that enables them to enter the void spaces in the soil 
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mass (Gulhati and Datta, 2005). Burwell (1958) suggested the following simple equation 

for the particulate grouting. 

   15

85

( )
( )

D soil
N

D grout
  (2.4) 

Where N is the groutability (or groutibility ratio) of soil, D15 is the diameter of soil 

passing 15% of total soil mass, D85 is the diameter of grout passing 85% of total grout 

mass. In accordance with the equation, a soil is groutable when N is greater than 25, and 

ungroutable if N is less than 11. However, Burwell (1958) found that another criterion 

should be satisfied even with the soil has N greater than 25. 

10

95

( )
( )

D soil
N

D grout
   (2.5) 

Burwell (1958) suggested that if N is greater than 11, a soil can be successfully grouted, 

but a soil cannot be grouted if N is less than 5. Baker (1982) has shown graphical 

summary in Figure 2.16 of the range of gradation of soils which could be permeation 

grouted using suspensions and chemical solutions. He has come up with four major 

zones: zone groutable with suspensions, groutable with solutions, moderately groutable 

with solutions and not groutable at all. According to him, the soil particle size (D10) 

range is 0.4 mm~0.04 mm for permeation grouting using suspensions is practical.  

 

Figure 2.16 Grain size ranges for permeation groutable soils by solution (after Wally   
Baker, 1982) 
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Another criteria were suggested by Karol (2003) based on the hydraulic conductivity of 

the base soils. Table 2.5 describes the approximated relationship between hydraulic 

conductivity and groutability. Based on this relationship, the suspension grouts require 

base soils having the hydraulic conductivity of greater than 0.1 cm/sec to become 

groutable. As the groutability is dependent on hydraulic conductivity and hydraulic 

conductivity is a function of grain size, so distribution of grain size becomes a useful 

indicator of groutability.  

Table 2.5 Approximate relationship between hydraulic conductivity and groutability 

(after Karol, 2003)  

Permeability 

(cm/sec) 

Groutability (Ability of the soil to receive grout) 

≤ 10-6 Ungroutable 

10-5 to 10-6 
Groutable with difficulty by grouts with viscosity < 5 MPa 

and ungroutable with grouts having viscosity >5 MPa 

10-3 to 10-5 
Groutable with low viscosity grouts but difficult with grouts with a 

viscosity greater than 10 MPa 

10-1 to 10-3 Groutable with all commonly used chemical grouts 

≥ 10-1 
Requires suspension grouts or chemical grouts containing a filler 

material 

2.8.4 Grout Injection Pressure and Rate 

Excessive injection pressures and rates will result in ground fracture and heave. Ronald 

and Riley (1995) recommended that injection pressures should be kept up to 25% of the 

fracture pressure determined by field trial. Gulhati and Datta (2005) has suggested the 

following analytical expression to determine the grout injection pressure. 

       (
    

 
 

    

      
)  (2.6) 

Where     is the the maximum grout pressure,    is the lateral earth pressure coefficient 

at rest condition,    is the angle of shearing resistance. 
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2.8.5 Grout Hole Spacing 

Holes spaced too far apart will leave zones of ungrouted soil. For deep injection (greater 

than about 3 m), final spacing of 2 to 4 m is frequently used. For shallow injection, final 

spacings usually range from 1 to 2 m (Ronald and Riley, 1995). 

2.8.6 Injection Method 

Permeation grouting is classified as two main methods: point injection and sleeve pipe 

injection (Tube-A-Manchette). In the point injection method, the casing is installed to the 

full depth and grout is injected as the casing is withdrawn. As shown in Figure 2.17, the 

Tube-A-Manchette method involves grouting a sleeve pipe in the grout hole and 

injecting grout through holes in the pipe. The advantage of the Tube-A-Manchette 

method is that different grouts can be injected into different holes, and grout can be re-

injected if there is a problem (Pearlman, 1999). 

 

Figure 2.17 Tube-A Manchette  
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2.9 Bentonite Suspensions 

Bentonite can be an alternative in terms of environmental friendliness and long term 

safety. But a bentonite grout consisting of just bentonite and water may not be 

volumetrically stable and introduces uncertainty about locally introduced pore water 

pressures caused by the hydration process. When the objective of grouting is only to 

reduce the permeability, bentonite grouts can be the most economical solution (Gulhati 

and Datta, 2005). However, Introducing cement, even a small amount, reduces the 

expansive properties of the bentonite component once the cement-bentonite grout takes 

an initial set. The strength of the set grout can be designed to be similar to the 

surrounding ground by controlling the cement content and adjusting the mix proportions. 

Controlling the compressibility (modulus) and the permeability is not so easy. Weaker 

cementitious grouts tend to remain much stiffer than normally consolidated clays of 

similar strengths. Cement-bentonite grouts are easier to use than bentonite grouts, 

provide a long working time before set.  

Bentonite grouting would be effective where seepage is the major issue or for secondary 

containment barrier systems by improving hydraulic performance of granular soils. 

Although the hydraulic conductivity of the bentonite grouted sands has not been studied 

extensively, research work in countries with Sand-Bentonite Mixtures (SBMs) showed a  

 

Figure 2.18 Reduction in hydraulic conductivity of permeated sands as a function of the 
delivered bentonite content (Yoon, 2011) 
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significant reduction in hydraulic conductivity of sands (approximately 3 to 7 orders of 

magnitude) with 3 to 30% bentonite contents in sands. Figure 2.18 shows an example in 

the reduction in hydraulic conductivity of permeated sands as a function of the delivered 

bentonite content. 

The penetrability and groutability of bentonite suspension depend on the rheological_ 

properties (yield stress & viscosity) of the grout. The yield stress is created by an internal 

structure of a fluid that is able to resist a certain amount of stress prior to flow. Bentonite 

particles in aqueous medium interact with each other, creating a continuous network with 

a flocculated structure. The suspensions flow only when the applied pressure is large 

enough to break down the network structure and the yield stress represents the strength 

of network structure (Uhlherr et al., 2005).  

The bentonite suspensions show various flow behaviors depending on bentonite fractions 

and testing conditions. According to Bandenburg and Lagaly (1988), the influence of 

bentonite (Na-montmorillonite) concentration on the viscosity of suspensions depends on 

particle size of bentonite, but the flow is Newtonian up to about 5% solid concentration 

(up to shear rate 200 s-1). Above 5% of solid concentration, the suspensions behave as 

non-Newtonian fluid having a yield stress.  

The flocculated network structures (contributing to yield stress) formed by bentonite 

particles impede the penetration of the suspensions though the porous medium. That 

eventually may stop the grout flow resulting the rheological blocking of porous medium. 

2.10 Mixing Method 

Using an electrically operated mixture machine can be considered as customary for 

making a grout mix. Hobart mixture machine is that type of machine which is available 

in the geotechnical laboratory of BUET as shown Figure 2.19 (a). This mixture machine 

consists of a cylindrical bowl and a rotating blade. As bentonite is too sticky material to 

make a solution, high speed power stirrer with speed of 1300~1500 rpm (as shown in 

Figure 2.19 (b)) can be a better performer. In case of small scale testing or operation, 

manual mixing by pouring the grout powder in a porous cloth and keeping in water while 

it will be continuously squeezed by pressing with fingers is another option that has been 

tested in this research also. 
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(a) 

 
(b)  

Figure 2.19  Mixture machine of grout materials using (a) high speed power stirrer and 

(b) Hobart mixture machine 

2.11 Parameters of Permeation Grouting 

The characteristics variations of horizontal grouting operation can be described by some 

parameters like stoppage of grout flow by permeation grouting, penetration distance, 

injection time, injected grout weight, grout intake during grouting operation etc. The 

variations of these parameters depend on the percentage of bentonite suspension, process 

and method of experimental program and so on. 
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2.11.1 Stoppage of Grout Flow 

During the grout operation, the penetration distance and the required injection time of a 

grout operation largely depend on the stop mechanisms involved. There are three 

different types of stop mechanisms (Yoon, 2011) and they are discussed briefly here.  

The stoppage of grout through a soil is affected by the properties of grout (rheological 

blocking). If the injection pressure is equilibrated with the resistance to grout flow, the 

grout cannot flow any more. In this case, yield stress, which represents a resistance to 

flow, contributes to the stoppage of grout flow. Rheological blocking controls the 

stoppage of grout flow at high bentonite concentration (above 5%) which actually creates 

high yield stress. 

In addition, the suspension flow can be limited by the physical changes in the pore space: 

the reduction in pore channels (deep bed filtration) and blockage of pore entrance with 

separated particles (pressure filtration).  

The deep bed filtration allows particles in the grout to settle in the pores of the sand, 

gradually blocking the flow path. The grout particles are filtered from the liquid grout by 

soil grains, retarding grout flow. Due to this phenomenon, the size of the pores gradually 

decreases, increasing hydrodynamic resistance and gradually causing clogging of the 

flow channels (Kim and Whittle, 2005). This type of filtration is dominant when the 

relatively diluted suspensions flow through porous medium.  

On the other hand, water can be separated from a liquid grout when a pressure grouting 

is used, accumulating particles in front of a filter medium (referred as to pressure 

filtration). The suspensions will then behave as thick slurry with a rapid increase in 

viscosity, reducing the penetration of grout through small pores (Landry et al., 2000). 

This type of filtration causes the formation of filter cakes close to the injection point. 

According to Axelsson et al. (2009), clogging occurs when the grain size of particles in 

the grout is approximately one third (or greater than) the size of the pore where the 

particles are not able to enter the pores. Well dispersed (i.e. low bentonite concentration) 

grouts have lower risk of stoppage due to this type of mechanism. 
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2.11.2 Penetration Distance 

The penetration of a grout into soil deposits is limited by the properties of the grout 

(rheological blocking) and the porous medium (filtration). Previous researches (Raffle 

and Greenwood, 1961; Jefferis, 1992) proposed that the yield stress of a grout controls 

its 1-D penetration through porous media and related the yield stress to soil parameters 

as well as the injection pressure to estimate the maximum penetration distance of the 

grout. Jefferis (1992) suggested the following expression: 

  
     

  
 

 

(   )
           (2.7) 

Where s is the penetration distance,     is the pressure difference between grout pressure 

( ) and water pressure ( ),    is the yield stress of the grout,   is the porosity of soil,   is 

the factor considering the geometry of the flow paths within the soil (typically 0.3) and 

    is the effective grain size of the soil. 

Because of the anisotropic nature of the test site formation and the unpredictable nature 

of grout set times, accurate calculations of the penetration distance are not practical. 

Instead the penetration distance should be empirically derived. On large scale grouting 

projects, grout contractors conduct small scale field testing to determine design 

parameters and associated costs for the full scale project. Table 2.6 shows probable 

estimates of penetration distances for various soil types. 

Yoon (2011) performed extensive laboratory tests to investigate the correlations between 

the penetration distances with the influencing individual parameters. His observations are 

summarized in Table 2.7. Yoon (2011) has observed that the penetration distance 

decreases in power with the increase of bentonite fraction (Figure 2.20) but increases in 

power with the increase of effective grain size of sand (Figure 2.21). 

2.11.3 Injection Time 

The required injection time to stop grout flow also depends on the stop mechanisms. An 

analytical approach to analyze spherical grout flow, pressure and time in a porous 

medium was proposed by Maag (1938), Equation 2.8, and later on extended by Raffle & 

Greenwood (1961), Equation 2.9. The expressions for the required injection time (T) for  
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Table 2.6 Permeation estimates in various soils (after Naudts, 1992)  

Type of Soil Permeation Radius (m) 

Gravel 4~6 

Course Sand 6~10 

Medium Sand 4~6 

Fine Sand 2~4 

Silty Sand 1~2 

Table 2.7 Observed correlations of penetration distance and individual parameters (after 
Yoon, 2011)  

Parameter Effect Parameter Effect 

Yield Stress 
Depending on 
particle fractions 

Relative Density No effect 

Apparent Viscosity 
Decrease in power Fines Content 

Decrease in 
exponential 

Increase in power Injection Pressure Increase in power 

    

Figure 2.20 Penetration distance with bentonite fractions at various types of grouts: 7.5, 
10 and 12% suspensions with 0 to 4% SPP, d10=0.20 mm, Dr =30%, FC=0%, 
and P=35 kPa (after Yoon, 2011)  
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Figure 2.21 Penetration distance based on normalized effective grain size of sand (after   
Yoon, 2011) 

 

 
Figure 2.22 General definitions of parameters used in estimating grout injection time 

(after Hislam, 2010) 
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creating a grouting element of radius (R) can thus be expressed as: 

  
  (     )

    
  (2.8) 
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Where, n is the porosity, R is the radius of injection source, k is permeability, H is the 

required grouting head and    is the grout viscosity, D is the grout travel distance. When 

the second term between the brackets is neglected, since R is small compared to D then 

R3 can be ignored, the expression simplified to (Maag, 1938). Again Maags expression 

can be simplified, as shown by Bell (1982), as: 

  
    

    
  (2.10) 

General definitions of parameters considered are illustrated in Figure 2.22. Equations 2.8 

and 2.9 will give the value of clogging time when the maximum penetration distance is 

used as a value of (R). However, these equations are not reliable for practical purposes 

due to the heterogenic and anisotropic nature of soil which frequently causes the grout 

elements to look like “Christmas trees” rather than spheres or cylinders and it was not 

considered during the derivation of these equations. 

2.11.4 Grout Intake 

The variation of grout intake based on injection time is an indicator of the morphological 

changes in pore channels as particles are deposited. Yoon (2011) performed a series of 

injection tests with 5, 7.5 and 10% bentonite suspensions under 35 kPa constant pressure 

injected through a clean sand at a relative density of 30%. His observations are presented 

in Figure 2.23. Yoon (2011) observed that initially the suspensions penetrated through 

the filter material and a portion of the sand column with very high flow rate, and then the 

effluent flow rates started to decrease as the penetration proceeds through the sand 

column. This is due to the initial replacement of pore water, followed by an additional 

deposition of particles and gradual pore filling until the grout is completely stopped 

(Schwaz and Chirumalla, 2003 and Axelsson et al., 2009). As the particle fraction 

increased, a faster retardation of the suspension flow is observed. He also observed that 

the number of injected pore volumes (=Vgrout/n) deceases with the increase of bentonite 

fraction (Figure 2.24). 
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Figure 2.23 Grout intake of 5, 7.5 and 10% suspensions: d10=0.20 mm, Dr=30%, 

FC=0%, and P=35 kPa (after Yoon, 2011) 

 

Figure 2.24 Injected pore volume with bentonite fractions at various suspensions (after 
Yoon, 2011) 

2.12 Application of Grout in Bangladesh 

Permeation grouting process has not been used yet in the large scale projects of 

Bangladesh, although it can be a promising method to mitigate the underseepage 

problem of embankment in Bangladesh. Permeation grouting was used in Rangpur Tista 

Barrage Project, Meghna-Dhonagoda Embankment Project in a medium scale. About 
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500 m long embankment was grouted in Meghna-Dhonagoda Embankment Project and it 

is performing satisfactorily since the completion of the construction in July, 2011. Other 

types of grouting processes like base grouting, shaft grouting have been used 

successfully in some projects like Rupsa Bridge Project, Third Karnaphuli Bridge 

Project, Bhairab Bridge Project to increase the pile capacity before the pier installation. 

2.13 Concluding Remarks 

Literature review revealed that significant volume of research has been done around the 

world on various aspects of grouting for soil improvement. From the review it is evident 

that among the types of grouting, permeation grouting may be the most effective method 

of soil grouting in alluvial conditions of Bangladesh. However, reported literature on soil 

improvement by grouting on Bangladesh soil having floodplain characteristics is very 

limited.  As such, it was felt necessary to carry out a study on permeation grouting using 

Bangladesh soil. 
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Chapter Three 

EXPERIMENTAL SETUP AND TEST PROGRAM  

3.1 Introduction 

A detailed discussion has been made in this chapter on materials used, layout and design 

of experimental setup and methods of the test followed for grouting operations for 

horizontal and vertical permeation. Materials collection, physical properties and 

chemical composition of the collected materials are also briefly described here. The 

permeation grouting tests with different concentration of grout suspension have been 

performed through sand sample. To comprehend the strength of sample, direct shear test 

was also performed on the grouted sample. 

3.2 Materials 

The selection of proper grouting materials depends upon the type of granular medium 

and the purpose of grouting. Cement, bentonite, clay and lime are the grouting materials 

normally used for grouting a granular medium. The higher the bentonite solids-content 

is, the lower the permeability is. Though the bentonite solids content has the greatest 

influence and the cement content has less influence on the permeability of cement-

bentonite grout, in this research fixed doze of cement has been used with variable 

concentration of bentonite suspension to find the sustainable performance of grouted 

soil. Because introducing cement, even a small amount, reduces the expansive properties 

of the bentonite component once the cement-bentonite grout takes an initial set. The 

strength of the set grout can be designed to be similar to the surrounding ground by 

controlling the cement content and adjusting the mix proportions. In the present study, 

sand was used as grouting medium and bentonite (without admixtures) with small 

amount of cement were used as the grouting materials. The type of grout material 

involved in this study belongs to the suspension type of grout according to the definition 

as discussed in Article 2.2.   

3.2.1 Sand 

Selected sand samples were used as grouting medium for this study. Sand sample was 

collected from Geotechnical and Transportation Laboratory of BUET. Standard 
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laboratory tests were performed as per ASTM (D-422). Grain size distribution of the 

sand is shown in Figure 3.1 and the properties of sand are presented in Table 3.1. 

 

Figure 3.1 Grain size distribution curve for sand sample 

Table 3.1 Properties of the sand sample  

No. Property Characteristic Value 

1 Bulk Specific Gravity 2.63 

2 SSD Specific Gravity 2.66 

3 Apparent Specific Gravity 2.70 

4 Uniformity Coefficient, 60
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6 Effective Size, D10 0.125 mm 

7 Fineness Modulus, F.M. 1.05 

8 Void Ratio, e 0.85 

9 Dry Unit Weight, γd 1.41 gm/cm3 

10 Permeability in the testing cell  6.1 x 10-2 cm/s 
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3.2.2 Bentonite 

There are different types of bentonite available like sodium bentonite, calcium bentonite 

and potassium bentonite. In the present study, sodium bentonite was used as grouting 

material. This bentonite is commercially available but expensive. Its local name is China 

Bentonite which was purchased from Nawabpur, Dhaka. This type of bentonite is 

expansible when wet and absorbs water as much as several times of its dry mass. It 

shows a sticky character and some sort of plasticity like clay. The properties of the 

sodium bentonite as per ASTM procedures are shown in Table 3.2. 

Table 3.2 Properties of the bentonite used 

No. Property Characteristic Value 

1 Specific Gravity, GS 2.65 

2 Moisture Content 14% 

3 Liquid Limit, LL 420% 

4 Plastic Limit, PL 40% 

5 Plasticity Index 380% 

6 Swelling High 

7 Composition Sodium 

8 Origin China 

3.2.3 Cement 

Cement was used in this experimental investigation to keep the expansive behavior of 

bentonite in control. Also, by using cement, bentonite grout cannot get washed away 

with time by seepage of water through the grouted zone. Therefore, ordinary portland 

cement of 4% of the total dry grout materials was added with bentonite to improve the 

stability of bentonite suspension. The properties of the cement of the manufacturer Seven 

Circle (Bangladesh) Ltd. are presented in Table 3.3 that are tested by the manufacturer 

itself. 
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Table 3.3 Properties of the cement used 

No. Property Characteristic Value 

1 Standard Consistency (ASTM C187) 26.46% 

2 Initial Setting Time (ASTM C191) 105 minutes 

3 Final Setting Time (ASTM C191) 230 minutes 

4 Moisture 0.23% 

5 Fineness (ASTM C204) 280 m2/kg 

6 Soundness (By Autoclave method) 0.013% 

7 Compressive Strength (ASTM C109)  

 7 days 34.53 MPa 

 28 days 43.18 MPa 

3.3 Test Program 

Permeability of soil can be reduced by the application of grout. If the grout is applied for 

certain period of time, the grouting medium will be impervious gradually i.e. the pore 

spaces of the medium will be totally clogged by grouting materials. In this research 

work, a testing program was conducted to investigate the horizontal infiltration of 

bentonite suspension into a granular sandy soil medium. The test was also conducted for 

vertical direction to compare the test results with horizontal infiltration results. Tests 

were performed at different pressure heads with a specified soil specimen with different 

grouting concentrations. Moreover, the strength characteristics of grouted soil sample 

were examined. Accordingly, the test program of this research work consists of two 

parts. At first, a special device was fabricated to conduct the test for infiltration of grout 

material through granular medium in suspension form. Secondly, the tests mentioned in 

Table 3.4 were performed to observe the development of clogging and change of 

strength properties of grouted sand sample.  

3.4 Experimental Setup and Preparation for Tests 

The experimental program was performed to estimate the injection time for which the 

sand sample just became clogged or impervious by permeation grouting. A special 
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apparatus similar to the permeameter (discussed in Article 3.4.1) used for various head 

differences in the laboratory was made-up. A number of tests were conducted for 

different percentages of grout concentrations at a certain pressure for particular sand 

using this modified permeameter. In each case, the variation of injection time, injected 

grout weight and penetration distance with different bentonite concentrations were 

recorded. As the soil sample was kept in crystal clear permeation cell. So, it was possible 

to measure the penetration distance of permeation with a scale by visual observation. 

Also, the variation of the effluent flow rate with time was monitored. The procedures for 

conducting the experimental works are described as below: 

a) A device (permeameter) was developed for injecting the grouting material in the 

soil sample of sand column (F.M.=1.05) and testing the permeability of the soil 

sample. 

b) The main part of the device consists of a permeation cell that was connected by a 

grout tank at one end and an effluent tank at another end. Grouting was applied 

through the permeation cell on soil sample. The device was installed so that the 

permeation cell could lay both in horizontal and vertical directions. 

c) Concentration, pressure head and time of application of grouting doze (sodium 

bentonite with cement) was variable to observe the performance with respect to 

grout penetration.  

 

The experimental setup was prepared mainly for horizontal permeability. But there was a 

provision in the setup so that the same test can be performed for vertical permeation also. 

So a number of tests were performed for vertical direction to compare with horizontal 

permeation. The details of the experimental setup, preparation of sand column, 

preparation of bentonite suspension and experimental procedures are briefly described in 

the following articles. 

3.4.1 Experimental Setup 

The experimental setup used in this research work consisted of the setting up the 

permeameter and the mixing of the soil mixture. A schematic line diagram of the 

modified permeability testing setup is presented in Figure 3.2(b). A 1.5m long vertical 

stand was provided to clamp the grout tank. Grout suspension was kept in grout tank. 

The height of the tank can be changed in order to apply different pressures at the soil  
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                         (a)                               (b)  

Figure 3.2 Experimental setup for permeation grouting: (a) assembles of permeameter 
and (b) schematic diagram of permeameter 

specimen. A stirrer was attached in the tank to do the stirring operation manually to keep 

the grout at suspension condition during the whole testing operation (Figure 3.3 (a)). A 

transparent flexible cord was connected from the bottom of grout tank to the permeation 

cell. The permeation cell was made of transparent cylinder and had a 100 mm outside 

diameter and 95 mm inside diameter. The length of the permeation cell was 500 mm and 

the length of sand column within the permeation cell was 300 mm. Two rubber gaskets 

of 100 mm outside diameter were placed at the two side joints of the permeation cell 

with the metal plate to prevent water leakage. Moreover, two screens (aperture size 0.1 

mm) were placed at the left and right sides of the sand column to help in providing 

uniform distribution of suspension throughout cross-section of the sand column and 

prevent sand washing into the tubes. Each of the screens was supported by a metal plate 

having many circular slits (Figure 3.3(b)). At the outlet end and above the top screen, a 

150 mm long and 90 mm diameter spring was placed to keep sand column in stable 

condition during the testing operation. A graduated plastic or glass beaker was provided 

at the outlet to collect the effluents during testing operation. 
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                  (a)                               (b)  

Figure 3.3 Accessories of experimental setup: (a) grout tank and (b) screen 

There are some high speed electric power stirrers like Hobart mixture machine 

(described in Article 2.10 of Chapter 2) for making a homogenerous suspension of grout. 

But bentonite is composed of very finer particle.  Manual mixing method results in an 

more effective, smooth and homogeneous mixture than with an electrically operated 

Hobart mixture machine. So in this study, bentonite suspension was prepared manually 

rather than using a mixture machine to get better performance. At first, the bentonite 

powder, cement and small amount of water (from the specific portion) were placed in the 

mixing bowl to make an initial soil mixture. This sticky soil mixture was taken in a 

netted cloth and by pressing the soil stick with finger repeatedly, a proper uniform and 

homogeneous slurry of the soil mixtures was prepared.  

 

3.4.2 Preparation of Sand Column 

At first, a rubber gasket was placed at a metal plate (inlet). Then transparent cylinder was 

placed on it. A screen (aperture size 0.1 mm) was set into the cylinder. The soil specimen 

was added in six layers and compactions by tamping the sand sample were done after six 

additions. The total length of sand column was kept 300 mm. Thus the total volume 

inside the cell contained 3 kg of sample. Then other screen was placed on it. On top of 
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                    (a)                                 (b)  

 

 
(c) 

Figure 3.4 Preparation of sand column in six layers: (a) adding sample layer by layer   
(b) tamping of sand sample into 300 mm cylindrical length and (c) sand 
column of 300 mm (after tamping) 
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screen, a 150 mm long and 90 mm diameter spring was placed to ensure the stability of 

the sand column. Then other rubber gasket was set on it and then metal outlet plate was 

connected. The functions of rubber gaskets were to prevent water leakage of metal 

plates. Moreover, the purposes of two screens at both sides of the sand column were to 

help in providing uniform distribution of suspension throughout cross-section of the sand 

column and prevent sand washing into the tubes. The preparation of sand column is 

presented in Figure 3.4. The sand column was placed horizontally or vertically to operate 

the horizontal permeation or vertical permeation, respectively. 

3.4.3 Preparation of Bentonite Suspension 

In this research work, Sodium bentonite was used as grouting material. A specified 

amount of cement was added with bentonite powder to improve the stability of the 

mixture. Slurry was prepared by adding water into the mixture of powder to make the 

bentonite suspension. So, the mixture of grout consists of cement, bentonite and water. 

Small particles of solids are distributed in liquid dispersion there. So, it can be 

categorized as suspension type mixture. Because in emulsion type mixture, there exists 

two phase system (e.g., bitumen and water) while solution type mixture is made of two 

or more type of chemical substances that exists in more homogeneous molecular form. 

 

To make the grout suspension, a manual procedure is followed. The penetrability and 

groutability of the grout suspension mainly depend on the percentage of bentonite used 

in the slurry or suspension. In this research, the steps of the procedure for preparing the 

bentonite suspensions are described as follows: 

i. The desired amount of bentonite (96% of the total amount of grout materials) was 

placed into the mixing bowl. 

ii. Some portion of cement (4% of the grout materials) was added with the bentonite 

powder. 

iii. To make the grout slurry a desired amount of water (approximately 4 kg) was 

added into the mixing bowl. 

iv. The mixing of all the added ingredients was made so that a uniform and smooth 

grout suspension was obtained. 
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The amounts or contents of each ingredient were calculated based on the weight ratios. 

For example, the contents for a 2% grout were calculated as follows: 

i. Desired amount of water = 4000 grams. 

ii. Required amount of grout materials (bentonite + cement) = 80 grams (2% of 

water). 

iii. Required amount of bentonite = 77 grams (96% of the grout materials). 

iv. Required amount of cement = 3 grams (4% of the grout materials). 

 

The prepared bentonite suspension was kept in the grout tank before testing operation. At 

the beginning of testing, bentonite suspensions were allowed passing from the grout tank 

to the inlet part of the soil specimen to expel the entrapped air bubbles from the 

specimen.  

 

3.5 Experimental Procedures 

 

The grout operation was conducted to investigate the permeation of grout suspension 

into the specimen in horizontal and vertical directions. The penetration distances of 

grout, injected grout weights, injection time for the horizontally placed sand column 

were studied in detail. For this purpose, approximately 200 kg of soil sample (sand) were 

collected, spread over a dry surface and kept for several days to dry. It means dry sand 

sample is used as grouting medium in the permeation cell. At first, the permeameter, 

mixing bowl and other accessories were cleaned before using them each time, especially 

two screens, two rubber gaskets were cleaned and placed very carefully to ensure the 

watertight condition of the permeation cell. The step by step test procedures are 

described as follows: 

i. Around 3kg clean sand was placed in the permeation cell. And the length of the 

sand column was kept 300 mm. The sand column was made through compaction 

by tamping the sand sample in six layers (as shown in Figure 3.4). Two screens 

were placed at the left and right sides of the sand column. A spring was provided 

at the outlet side to ensure the stability of the sand column. The detailed 
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preparation of sand column was made following the procedure explained in 

Article no. 3.4.2. 

ii. Bentonite suspensions were prepared according to the procedure described in 

Article no. 3.4.3. Before testing operation, bentonite suspensions were allowed 

passing from the grout tank to the inlet part of the soil specimen to expel the 

entrapped air bubbles from the specimen.  

iii. The bentonite suspensions were injected from the grout tank through the vertical 

stand pipe down to the inlet part of sand column of the permeation cell at 

different pressure heads (e.g. 60cm, 75cm, 90cm, 105cm and 120cm). To ensure 

this pressure the grout tank were kept above the inlet of the permeation cell. 

iv. Bentonite was kept in suspension by providing continuous agitation manually by 

the stirrer in the grout tank. The above steps from i to iii had been continued 

using the different proportion of grout suspensions like 0.5%, 1.0%, 1.5%, 2.0%, 

2.5% and 3.0% etc. 

v. The volume of the effluent accumulated in the graduated plastic or glass beaker 

was measured at different times using stopwatch (details in Chapter 4). This data 

were used to calculate the discharge rate at different times through outlet. 

vi. The volume of the effluent was monitored with time until the clogging of 

horizontal permeation which means there were no more effluents (for 30 minutes) 

to confirm completion of the permeation. 

vii. The time was also recorded when the permeation process just stopped. This is the 

required time to make the sand column clogged or impervious. 

viii. If the permeation process stopped before draining out through the outlet i.e. grout 

penetrated into the sand column within the permeation cell, the penetration 

distances were measured. The final penetration distances were measured by 

taking an average of three measurements on different sides of the sand column. 

 

3.6 Permeability Test on Grouted and Ungrouted Soil 

Permeability is the property of a porous material which permits the passage or seepage of 

water or other fluids through its interconnecting voids. The laminar flow of water 

through soil can be explained by Darcy’s law which states that the rate of flow is 
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proportional to the hydraulic gradient. In this research work, conventional permeability 

test was performed on both grouted and ungrouted soil. Thus data about performance 

improvement of the soil sample can be observed. Constant head tests were conducted for 

the determination of the permeability for grouted and ungrouted soil samples. Finally, 

test results were compared for grouted and ungrouted samples. 

For constant head test, coefficient of permeability, QL
k

AHt


 
(3.1) 

Where, t = observation time in second, Q= discharge in cm3, L= Sample length in cm, 

A= cross sectional area of the sample in cm2, H= head in cm and the value was calibrated 

for 20 degree celsius temperature.  

The values of coefficient of permeability on grouted and ungrouted soil samples were 

obtained to compare the permeation characteristic of both grouted and ungrouted soil at 

same density. Preparation of sample was same as depicted in Article 3.5. To keep the 

constant head, water or grout suspension was poured in the inlet beaker frequently. In 

case of grouted sample, permeability test was performed only for initial doze, i.e. 0.5% 

concentration just to compare the drastic change of permeation performance after 

grouting. For higher concentrations (e.g. 1.5%, 2%, 2.5% etc.) permeability test on 

grouted sample becomes insignificant as clogging occurs at these concentrations. 

 

3.7 Direct Shear Test 

In order to comprehend the strength property improvement of the soil sample, direct 

shear tests were performed on both grouted and ungrouted sand sample. The tests were 

carried out in saturated condition at same density in order to compare the results in 

between grouted and ungrouted sands. The reason of testing in saturated condition is that 

the aim of this study is to find the clogging condition of sandy soil sample by application 

of grout that will resist further infiltration of water from river side of a dam or 

embankment.  

For both grouted and ungrouted condition, soil sample was prepared as described in 

Article 3.4. In case of ungrouted condition, part of soil sample was collected from the 

entry point of permeation cell after the permeation as undisturbed as possible. Then that 

part of soil sample was poured into the testing mould. During the test a normal load was 
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applied to the specimen and the specimen was surrounded by water and was sheared 

across the pre-determined horizontal plane between the two halves of the shear box. In 

case of grouted condition, part of grouted soil mass was collected as well from the entry 

point of permeation cell and poured into the mould similarly. Measurements of shear 

load, shear displacement and normal displacement were recorded. The result of direct 

shear test can be presented by stress-strain curve. From the results, another curve on 

normal stress verses shear stress gives the values of cohesion (c) and angle of internal 

friction (Φ) that can give the evaluation on the increase or decrease of soil strength by 

grouting. 

 

3.8 Analysis on Test Results 

Detailed analyses were performed regarding the effect of grout concentration on 

injection time, the effect of grout concentration on injected grout weight, the effect of 

time on flow rate and also the results from direct shear tests of grouted and ungrouted 

soil sample. Data from the test results were analyzed and presented in graphical and 

empirical format with regression analysis. Correlation technique was used to test the 

statistical significance of the data. Aside horizontal testing, some vertical tests were 

conducted to compare the performance between horizontal and vertical grouting.  
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Table 3.4 Test scheme for the study 

Grout 

Concentration 

(%) by weight 

Pressure 

Head 

(cm) 

Test  

Injection 

Time 

 

Grout 

Weight 

Penetration 

Distance 
Flow Rate 

Direct 

Shear Test 

Hor. Ver. Hor. Ver. Hor. Ver. Hor. Ver. Hor. Ver. 

0 

(ungrouted) 
120 √ - - - - - √ - √ - 

0.5 120 √ - - - - - - - - - 

1.0 

60 

75 

90 

105 

120 

√ 

√ 

√ 

√ 

√ 

- 

- 

- 

- 

√ 

√ 

√ 

√ 

√ 

√ 

- 

- 

- 

- 

√ 

√ 

√ 

√ 

√ 

√ 

- 

- 

- 

- 

√ 

√ 

√ 

√ 

√ 

√ 

- 

- 

- 

- 

√ 

- 

- 

- 

- 

√ 

- 

- 

- 

- 

- 

1.5 

60 

75 

90 

105 

120 

√ 

√ 

√ 

√ 

√ 

- 

- 

- 

- 

√ 

√ 

√ 

√ 

√ 

√ 

- 

- 

- 

- 

√ 

√ 

√ 

√ 

√ 

√ 

- 

- 

- 

- 

√ 

√ 

√ 

√ 

√ 

√ 

- 

- 

- 

- 

√ 

- 

- 

- 

- 

√ 

- 

- 

- 

- 

- 

2.0 

60 

75 

90 

105 

120 

√ 

√ 

√ 

√ 

√ 

- 

- 

- 

- 

√ 

√ 

√ 

√ 

√ 

√ 

- 

- 

- 

- 

√ 

√ 

√ 

√ 

√ 

√ 

- 

- 

- 

- 

√ 

√ 

√ 

√ 

√ 

√ 

- 

- 

- 

- 

√ 

- 

- 

- 

- 

√ 

- 

- 

- 

- 

- 

2.5 

60 

75 

90 

105 

120 

√ 

√ 

√ 

√ 

√ 

- 

- 

- 

- 

√ 

√ 

√ 

√ 

√ 

√ 

- 

- 

- 

- 

√ 

√ 

√ 

√ 

√ 

√ 

- 

- 

- 

- 

√ 

√ 

√ 

√ 

√ 

√ 

- 

- 

- 

- 

√ 

- 

- 

- 

- 

√ 

- 

- 

- 

- 

- 

3.0 

60 

75 

90 

105 

120 

√ 

√ 

√ 

√ 

√ 

- 

- 

- 

- 

√ 

√ 

√ 

√ 

√ 

√ 

- 

- 

- 

- 

√ 

√ 

√ 

√ 

√ 

√ 

- 

- 

- 

- 

√ 

√ 

√ 

√ 

√ 

√ 

- 

- 

- 

- 

√ 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

3.5 120 √ - √ - √ - √ - - - 

4.0 120 √ - √ - √ - √ - - - 

4.5 120 √ - √ - √ - √ - - - 

5.0 120 √ - √ - √ - √ - - - 
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Chapter Four 

RESULTS AND DISCUSSIONS 

4.1 Introduction 

In this chapter the results from permeation grouting tests with different concentration 

of grout suspensions (i.e., mixture of bentonite, water and cement) through sand 

sample have been analyzed. Tests were performed both for horizontal and vertical 

permeation though focus was on horizontal direction experiments. Various pressure 

heads were taken into consideration into the testing program. Effect of different 

percentages of grout suspension on the clogging time, penetration distance, injected 

grout weight and flow rate etc. are presented in results. The comparative analysis of 

the parametric results between the horizontal and the vertical permeation grouting has 

also been depicted. Besides, the effects on shear strength and material cost analysis of 

grouting technique have been studied. 

4.2 Results from the Experimental Tests 

In practical field, the stability of the earthen embankment is influenced by under 

seepage occurred during the increase and decrease of the adjacent water level in the 

river or reservoir (Morii and Kunio, 1993). In this regard, permeation grouting tests 

were conducted for different head differences with the testing tool. But for the 

limitation of the tool, pressure head of 120cm was the probable maximum head for 

the tests. The maximum pressure associated with the maximum head gave the most 

significant results. So, above all, notable results were the results from the possible 

maximum head difference (i.e. 120 cm) in the tool in horizontal and vertical 

permeation for detailed analysis. The instrumental setup during testing period for 

horizontal permeation with pressure head of 120 cm is presented in Figure 4.1. 

The effects of grout concentration on different parameters- injection time, injected 

amount of grout, penetration distance and flow rate are summarized in Table 4.1 and 

Table 4.2. In Table 4.1, injection time is the time at which the permeation through the 

sand column just stopped. The injected grout weight is determined for per unit cross 

sectional area of the sand sample. The penetration distance is calculated considering  
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Figure 4.1: Testing setup for horizontal permeation with head of 120 cm 

an average of three measurements on different sides of the sand column. Then the 

probable cost of bentonite (per unit cross sectional area of sand sample) which is 

required to stop the seepage is shown in the Table 4.1 also. 

The flow rate for specified percentage of grout concentration has been determined and 

shown in Table 4.2. Stopwatch was used for recording the time of starting the 
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permeation and time required for 100 ml. accumulation of grout. The recorded times 

for which instantaneous flow rate were measured and presented in Table 4.2 and used 

to calculate the instantaneous flow rate at different moments during draining. For 

example, in case of 2% grout concentration effluent flow began after 4 hours (or 240 

minutes) from the grout application into sand column and continued for next 3 hours 

before stopping (in horizontal direction). 

Table 4.1 The variation of individual parameters with grout concentration for 
horizontal and vertical grouting (head difference at 120 cm) 

Grout 

Concentration 

(%) 

Injection 

Time (hr) 

Injected 

Grout 

Weight 

(per unit 

area) 

(kg/m
2
) 

Penetration 

Distance 

(cm) 

Cost 

(per unit area) 

(BDT/m
2
) 

Hor. Ver. Hor. Ver. Hor. Ver. Hor. Ver. Hor. Ver. 

1.0 1.0 11.8 11.3 620 730 >30 >30 248 292 

1.5 1.5 9.2 7.7 430 540 >30 >30 258 324 

2.0 2.0 8.1 5.3 200 310 >30 >30 150 248 

2.5 2.5 6.4 3.5 110 180 28 30 95 165 

3.0 3.0 5.2 2.7 30 120 5 25 22 100 

Table 4.2 Flow rate calculations (for 2.0% grout concentration and at 120 cm head 
difference- horizontal grout) 

No. 
Total Elapsed 

Time (min) 

Time Period 

(min) 

Effluent 

Volume (ml) 

Instantaneous 

Flow Rate 

(ml/min) 

1 240 14 100 7.14 

2 254 17 100 5.88 

3 271 24 100 4.17 

4 295 31 100 3.22 

5 326 40 100 2.50 

6 366 54 100 1.85 

7 420 - - Clogged 
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4.3 Result Analysis 

In this section, the test results are presented graphically and also in tabulated form in 

some cases. The variations of grouting parameters with grout concentration along 

with the variation of time dependent flow rate are depicted graphically here. 

Moreover, the empirical correlations between these grouting parameters are proposed 

and the reliability of the proposed correlations is discussed accordingly. However, 

during the testing operation, the observed flow paths through the sample in the plastic 

chamber are presented in Figures 4.2 to 4.7 and Figures 4.8 to 4.20, respectively in 

case ungrouted (0% grout concentration) and grouted (2% grout concentration). 

Nevertheless, the test results from the direct shear test on grouted sample are also 

described in the later Articles.  

4.3.1 Groutable Range 

The groutability of soil is dependent on physical configurations of the soil and the 

grout material as well. For a particular soil configuration, there is a proper range of 

grout concentration for which the groutability is maximum. In the present study, 

laboratory tests with self made apparatus have been conducted at pressure head of 120 

cm for both horizontal and vertical permeation on the sand sample of F.M. 1.05 and 

dry density 1.41 gm/cm3 with variable grout concentrations. These tests showed that 

the appropriate groutable range for sand sample (FM= 1.05) was likely to be in 

between 1% to 3%.  

Using 0.5% concentration, grouted sample took 14 times of the duration time 

comparing to ungrouted sample for 500 ml. accumulation. Tests for horizontal 

permeation with 0% grout concentration (i.e., ungrouted) has been conducted on the 

same type of sand sample and same head difference (12 kPa and FM 1.05) with a 

view to compare their permeation performance. Some photographs of tests during 

operation of horizontal permeation using ungrouted (i.e., 0% grout concentration) 

sample have been presented in Figure 4.2 to 4.7 so as to capture the flow path of 

ungrouted suspension through the sand sample. From these Figures, it is evident that 

water passed through the whole permeation cell (30 cm) within 1 minutes and 35 

seconds. So, only 0.5% grouting exhibits significant change in permeation 

performance comparing 0% grout concentration (i.e.,ungrouted). 
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  Figure 4.2: Flow path for horizontal permeation-after 0 mins 33 secs of starting the 

injection (ungrouted concentration with P=12 kPa, FM=1.05) 

 
Figure 4.3: Flow path for horizontal permeation-after 0 mins 45 secs of starting the 

injection (ungrouted concentration with P=12 kPa, FM=1.05) 



56 

 

 

Figure 4.4: Flow path for horizontal permeation-after 1 mins 05 secs of starting the 

injection (ungrouted concentration with P=12 kPa, FM=1.05) 

 

Figure 4.5: Flow path for horizontal permeation-after 1 mins 23 secs of starting the 

injection (ungrouted concentration with P=12 kPa, FM=1.05) 
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Figure 4.6: Flow path for horizontal permeation-after 1 mins 35 secs of starting the 

injection (ungrouted concentration with P=12 kPa, FM=1.05) 

 

Figure 4.7: Flow path for horizontal permeation-after 1 mins 57 secs of starting the 

injection (ungrouted concentration with P=12 kPa, FM=1.05) 
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Moreover, Table 4.1 and Figure 4.21 indicate that the cost is higher in case of thin 

grouting (e.g., 0.5% grout concentration) considering grouting time for clogging and 

material cost. Though cost for 1% grouting is 4 times higher than that of 2.5% 

grouting, clogging performance tends to be satisfactory from 1% concentration upto 

higher doze. Thus 1% grouting can be considered as minimum satisfactory range for 

fulfilling the purpose as it shows significantly better result comparing to 0.5% 

grouting. When testing was conducted with 5% grouting, thick grout cake was formed 

surrounding the inlet point of grouting due to pressure filtration. So, 5% grout 

concentration can not be the higher range for grouting for this experimental setup and 

material properties. Considering injection time, injected grout weight, penetration 

distance, material cost etc., 2.5% to 3% grout concentration may be considered as 

satisfactory higher range of grouting for this test set-up (Table 4.1). More exactly, the 

optimum concentration may be considered as 2.5% for horizontal grouting. 

Random pictures for 2% grout concentration which is within the groutable range have 

been presented in Figure 4.8 to 4.20 to observe the flow path of grout suspension: 

 

Figure 4.8: Flow path for horizontal permeation-after 12 mins 08 secs of starting the 
injection (2% grout concentration with P=12 kPa, FM=1.05) 
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Figure 4.9: Flow path for horizontal permeation-after 13 mins 30 secs of starting the 
injection (2% grout concentration with P=12 kPa, FM=1.05) 

 

 

Figure 4.10: Flow path for horizontal permeation-after 14 mins 36 secs of starting the 
injection (2% grout concentration with P=12 kPa, FM=1.05) 
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Figure 4.11: Flow path for horizontal permeation-after 16 mins 42 secs of starting the 
injection (2% grout concentration with P=12 kPa, FM=1.05) 

 

 

Figure 4.12: Flow path for horizontal permeation-after 18mins 26secs of starting the 
injection (2% grout concentration with P=12 kPa, FM=1.05) 
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Figure 4.13: Flow path for horizontal permeation-after 20mins 48 secs of starting the 
injection (2% grout concentration with P=12 kPa, FM=1.05) 

 

 
Figure 4.14: Flow path for horizontal permeation-after 21mins 02secs of starting the 

injection (2% grout concentration with P=12 kPa, FM=1.05) 
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Figure 4.15: Flow path for horizontal permeation-after 23mins 58 secs of starting the 

injection (2% grout concentration with P=12 kPa, FM=1.05) 
 

 
Figure 4.16: Flow path for horizontal permeation-after 0hr. 39mins 48 secs of starting 

the injection (2% grout concentration with P=12 kPa, FM=1.05) 
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Figure 4.17: Flow path for horizontal permeation-after 1hr. 46min 14secs of starting 

the injection (2% grout concentration with P=12 kPa, FM=1.05) 
 

 

 

Figure 4.18: Flow path for horizontal permeation-after 3hrs.13mins 34secs of starting 
the injection (2% grout concentration with P=12 kPa, FM=1.05) 



64 

 

 
 

 

Figure 4.19: Flow path for horizontal permeation-after 3hrs.13mins 44secs of starting 
the injection (2% grout concentration with P=12 kPa, FM=1.05) 

 

 

Figure 4.20: Flow path for horizontal permeation-after 3hrs.47mins 45secs of starting 
the injection (2% grout concentration with P=12 kPa, FM=1.05) 
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4.3.2 Effect of Grout Concentration on Injection Time 

The time required for stoppage of grout flow is inversely related to the grouting 

concentration i.e. percentage of grout. The injection time to stop the grout flow for 

different grout concentrations at different pressure heads has been observed which is 

presented in Table 4.3 and Figure 4.21. It is observed that the lower head differences 

gave some inconsistency in the values of injection time. It is reasonable as the lower 

head differences made comparably less distinct impact on injection time considering 

the friction in the pipe. Thus the possible highest head difference (i.e. 120 cm) for the 

permeation tool gave the most satisfactory results to attain clogging.   

The injection time to stop the grout flow for different grout suspensions considering 

pressure head of 120 cm in case of both horizontal and vertical permeation is 

presented in the second column of the Table 4.1. The relation is also presented 

graphically in Figure 4.22. It is observed from the figure that the injection time 

decreases with the increase of percentage of grout concentration. This is due to the 

deposition of particles and gradual filling of the spaces in the sand sample until the 

grout flow is completely stopped. Bentonite fraction in the grout makes deposition 

and retardation of grout flow results finally (Yoon 2011). It is also obtained from the 

figure that initially the rate of change of the curve is steeper and gradually decreases 

with the increase of bentonite fraction in the curve.  

Table 4.3 Variation of injection time with grout concentration at different pressure 
heads for horizontal grouting 

Injection Time (hrs.) Grout 

Concentration 

(%) (H=120 cm) (H=105 cm) (H=90 cm) (H=75 cm) (H=60 cm) 

11.8 12.5 13.6 15.5 >16 1 

9.2 10.1 11.2 12.8 16.0 1.5 

8.1 9.3 10.4 11.1 14.2 2 

6.4 7.7 8.4 9.2 10.3 2.5 

5.2 6.4 7.2 8.0 9.1 3 
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Figure 4.21: Variation of injection time to attain clogging with grout concentration 
for different pressure heads (with P=12 kPa, FM=1.05) 

If the curves are compared for horizontal and vertical grouting, it can be observed that 

the curve for horizontal grouting is laid above the curve for vertical grouting. The 

reason behind it is not defined very much distinctly. But the probable reason of 

decreased values of the required time for clogging in vertical direction may be the 

increased permeability action in the sample for the added gravity force of suspension 

vertically. It is reasonable that the more suspension enters into the sample, the more 

grouting materials also enter. In vertical direction permeability performance is better 

in this test. So clogging also occurs earlier in vertical direction.    

Based on the figure, an empirical correlation is proposed (also shown in Figure 4.22) 

with a view to predict the injection time as a function of percentage of grout 

concentration as follows: 

20.628 5.714 16.74ct x x   (For horizontal permeation) (4.1) 

21.771 11.36 20.86ct x x   (For vertical permeation) (4.2) 

Where, ct  = Injection time (hour) 

 x = Grout concentration (%) 
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Figure 4.22: Variation of injection time to attain clogging with grout concentration 
for horizontal and vertical permeation (with P=12 kPa, FM=1.05) 

Prediction Accuracy Analysis 

When an empirical correlation is proposed, it is desirable to know how accurate the 

correlation is and how reliable it is. The coefficients of correlation (r) are 0.990 (for 

horizontal permeation) and 0.999 (for vertical permeation) which are within -1 to+1. 

From the analysis the value of r for horizontal permeation is very near to at 0.001 

probability and for vertical permeation it exceeds the value at 0.001 probability. 

Therefore, it can be said that there exists a good correlation between the injection time 

and the percentage of grout concentration both for horizontal permeation and vertical 

permeation. It can also be said that in vertical direction permeability performance is 

better than that of horizontal direction. 

4.3.3 Effect of Grout Concentration on Injected Grout Weight 

The weight variation of injected grouted solution per unit cross sectional area of sand 

column with different grout concentration is described in this section. Considering 

horizontal permeation, the injected grout weight versus grout concentration for 

different pressure head is presented in Table 4.4 and Figure 4.23. Here the lower head 

tc = 0.628x2 - 5.714x + 16.74
r = 0.990

tc= 1.771x2 - 11.36x + 20.86
r = 0.999
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differences showing the lower rate of injection of grouted suspension reasonably as 

per discussion of previous Article 4.3.2. 

The relation between injected grout weight and grout concentration is compared in 

between horizontal permeation and vertical grouting at 120 cm pressure head which is 

shown in the third column of Table 4.1 and in Figure 4.24. Here the injected grout 

Table 4.4 Variation of injected grout weight with grout concentration at different 
pressure heads for horizontal grouting 

Injected Grout Weight (kg/m
2
) 

Grout 

Concentration 

(%) (H=120 cm) (H=105 cm) (H=90 cm) (H=75 cm) (H=60 cm) 

620 550 500 450 410 1 
430 350 300 250 200 1.5 
200 150 120 100 100 2 
110 50 40 70 80 2.5 
30 20 20 10 10 3 

 
     Figure 4.23: Variation of the injected grout weight with grout concentration for    

different pressure head 
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weight decreases with the increase of percentage of grout concentration keeping some 

parallel distance in case of the curves of horizontal grouting and vertical grouting. 

This is reasonable as the faster retardation occurs at higher percentage of grout 

concentration. Rate of change also gradually decreases for higher value grout 

concentrations. The reason of superimposing the graph for vertical grouting may be 

understood from the discussions in Article 4.3.2. 

Based on the figure, an empirical correlation is proposed (also shown in Figure 4.22) 

with a view to predict the injected grout weight as a function of percentage of grout 

concentration as follows: 

2102.8 711.4 1238y x x   (For horizontal permeation) (4.3) 

2102.8 727.4 1368y x x   (For vertical permeation) (4.4) 

Where,  

w = Weight of injected grout per unit cross sectional area of sand sample (kg/m2) 

x = Grout concentration (%). 

 

Figure 4.24: Variation of the injection grout weight with grout concentration for 

horizontal and vertical permeation (with P=12 kPa and FM=1.05) 
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Prediction Accuracy Analysis 

When an empirical correlation is proposed, it is desirable to know how accurate the 

correlation is and how reliable it is. The coefficient of correlation, r for horizontal 

permeation is 0.993 and for vertical permeation line is 0.993which are within -1 and 

+1. The values of r are very near to at 0.001 probability both for horizontal and 

vertical permeation. Therefore, it can be said that there exists a good correlation 

between the injected grout weight and the percentage of grout concentration. 

4.3.4 Effect of Grout Concentration on Penetration Distance 

The penetration distance covered with different percentages of grout concentration for 

different pressure head is illustrated in Table 4.5 and Figure 4.25. It is found that the 

penetration distances show some irregular results for different heads. Here it has been 

observed that for 120 cm head difference the penetration of grouted suspension covers 

the full distance of the sand column in the apparatus (i.e. 30 cm) for grout 

concentration of 1%, 1.5% and 2%. But for 60 cm and 75 cm head differences, the 

penetration of grouted suspension cannot cover the full distance of the sand column in 

the apparatus even for 2% grout concentration. This is due to the little impact from 

lesser head differences which indicate that testing at these head differences can not 

provide any significant result. 

The relation of penetration distance and grout concentration is also shown in the 

fourth column of Table 4.1 and in Figure 4.25 with a view to comparing the behavior 

Table 4.5 Variation of penetration distance with grout concentration at different 
pressure heads for horizontal grouting 

Penetration Distance (cm) Grout 

Concentration 

(%) (H=120 cm) (H=105 cm) (H=90 cm) (H=75 cm) (H=60 cm) 

30 30 30 30 30 1 
30 30 30 30 30 1.5 
30 30 30 22 20 2 
28 7 5 5 4 2.5 
5 3 2 2 1 3 
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Figure 4.25: Variation of the penetration distance with grout concentration by weight 

for different pressure head (Max. penetration distance i.e., sample 

length =30 cm) 

in between the horizontal permeation and the vertical permeation. It is observed that 

the penetration distance decreases with the increase of percentage of grout 

concentration. The reason is that when grout concentration of bentonite suspension 

increases, the pore spaces of the sand are filled up with the grout within short period 

of time. Yoon (2011) observed the similar behavior (Figure 2.4), he performed a 

series of injection tests with bentonite suspension and observed that the bentonite 

grouts with Sodium Pyrophosphate solution produced better penetrability. Based on 

the Figure 4.25, an empirical correlation is proposed (also shown in Figure 4.22) with 

a view to predict the penetration distance as a function of percentage of grout 

concentration as follows: 

242 185 172y x x    (For horizontal permeation) (4.5) 

210 45 20y x x    (For vertical permeation) (4.6) 

Where, y = Penetration Distance (cm) 

 x = Grout concentration (%) 
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Figure 4.26: Variation of the penetration distance with grout concentration by weight 

for horizontal and vertical permeation (with P=12 kPa and FM=1.05) 

There it is evident that the injected grout can pass the sand column of 30 cm length 

with 2% grout concentration. When the grouting concentration is 2.5%, the clogging 

occurs in case of horizontal grouting while it does not occur grouting in vertical 

direction. The penetration distance is 28 cm in horizontal direction. But in case of 3% 

grout concentration, clogging occurs for both horizontal and vertical directions. The 

respective penetration distances are 5 cm and 25 cm. The probable reason behind this 

variation of result between horizontal grouting and vertical grouting may be found as 

per the discussions in the last consecutive three articles.  

Prediction Accuracy Analysis 

Here the correlation is based on only three data. So the value of the coefficient of 

correlation is 1. This correlation is applicable for a specific condition that is for 3% 

≤bentonite concentration ≤ 5%. When bentonite concentration was less than 3%, 

draining of effluent through the outlet took place. Therefore, it was not possible to 

measure the penetration distances for lower bentonite fraction. Greater height of the 

permeation cell would facilitate better investigation of penetration distances. 
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4.3.5 Effect of Head Difference on Penetration Distance 

The relation between head difference and penetration distance is explained by the 

following graph. Here, it is observed that the penetration distances do not give very 

much predictable lengths against head differences. 

At 1.5% grout concentration, the penetration length is full of its probable maximum 

sample length (30 cm) for various head differences. That means, at 1.5% grout 

concentration, grout penetration is full for the test specimen. At 2% and 2.5% grout 

concentration, maximum penetration lengths vary with head differences. For 2% grout 

concentration, full penetration (30 cm) is achieved at 90 cm head difference. For 2.5% 

grout concentration, full penetration (30 cm) is achieved at 120 cm head difference. 

This is reasonable as higher grout concentration instigates less grout intake and less 

penetration length accordingly whether it is vice versa in case of higher head 

difference. 

 
Figure 4.27: Variation of penetration distance with head difference for difference 

grout concentrations in horizontal permeation 
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4.3.6 Effect of Time on Flow Rate and Grout Intake 

The relation between the flow rate and time is discussed in this Article and is 

presented graphically in Figure 4.28. Here, the reduction of the flow rate (or drain 

rate) through outlet with time was observed for 2% grout concentration and tabulated 

in Table 4.2. It is observed in the graph that initially flow rate is reduced at higher 

speed. Then the flow rate reduces slowly with the advancement of the test.  

It is also observed that initially the total volume of grout suspensions penetrated 

through the sand column is high and that is why the accumulated volume is high. But 

in the course of time the penetration of the grout suspension through the sand sample 

becomes slow. Thus the total volume of accumulation decreases gradually and is 

attained at zero value until the grout is completely stopped. This is due to the 

deposition of particles and gradual pore filling until the grout is completely stopped 

(Axelsson et al., 2009). As the particle fraction increased, a faster retardation of the 

suspension flow was observed. From Table 4.2, the cumulative flow volume has been 

determined for head difference 4ft. This cumulative flow volume is considered as 

grout intake. The variation of the grout intake with total elapsed time is presented in 

Figure 4.29. 

 

 

Figure 4.28: Variation of flow rate with time for horizontal permeation 
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Figure 4.29: Variation of grout intake with time for horizontal permeation 

 

4.3.7 Effect of Grouting on Shear Strength of Soil 

The grouted samples with different grouting dozes were collected and remolded for 

direct shear test. The tests were conducted in saturated condition but it was ensured 

that the grouted sample’s dry density would be similar to the ungrouted sample’s dry 

density for the convenience of comparison in respect of shear strength improvement. 

The test results were showing some greater values of shear displacements and normal 

displacements in grouted samples comparing to ungrouted samples though the 

differences were inconsequentially remarkable. The angle of internal friction,   

(deg.) values gave some erratic numeric values so that it became insignificant to 

depict the relations graphically. But relative tendency of increasing   values with 

increasing grout concentration implies the increment of shear strength after grouting 

operation.  

But the magnitude it is not that notable. Bentonite consists of finer particles and their 

presence make positive effect for ensuring more compaction of sample. Vividly, this 

can be the reason for the increase of shear strength. 
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Figure 4.30: Shear stress vs. horizontal displacement for 2.5% grouted sample. 

 

 
Figure 4.31: Shear stress vs. horizontal displacement relation for ungrouted sample. 
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Direct shear tests were conducted on 1%, 1.5%, 2% and 2.5% grouted sample. On the 

other hand, at least four numbers of tests had been conducted on ungrouted soil 

sample at same dry density. The respective   values from the grouted samples were 

380, 40.50, 350 and 390. And   values for ungrouted samples came as 360, 390, 370 

and 36.50. Representative graph for 2.5% grouting is presented below in Figure 4.32. 

The reason behind the discrepancy of results may be explained in the way that the 

flow path of the bentonite powder in suspension through the sand sample is not 

always similar. There may be any small subzone of concentrated grout in the 

interspaces of the soil sample. So different sampling may contain different amount of 

powder that played influential role in the results. 

 

Figure 4.32: Shear stress vs. normal stress curve to determine shear strength 

parameter (angle of internal friction, Φ) for 2.5% grouted and  

ungrouted samples. 
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4.3.8 Comparison between Horizontal and Vertical Grouting 

Horizontal permeability is generally greater than vertical permeability because of 

vertical changes in sorting and because of bedding laminations. But in this study this 

phenomenon has not been found. Moreover, vertical permeability showed better 

performance in this test in most cases. The reason behind it is that in practical field 

soil is stratified in layers of different permeability. So permeability occurs in 

horizontal direction in a same layer fluently. In this test, permeation applied in a 

homogeneous granular sample that was not stratified. In the other hand, probable 

reason of better permeability performance in vertical direction in the tests of this 

study may be clarified by the increased permeability action through the sample for 

added gravity force of suspension vertically along with the capillary force. It is 

reasonable that the more solution enters into the sample, the more grouting materials 

also enter. So clogging also occurs earlier in vertical direction accordingly.   

http://wiki.aapg.org/Core_description#Maturity
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Chapter Five 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Introduction 

This study demonstrates the scope of using bentonite suspension for grouting to 

control seepage in practical field. The flow behaviors of bentonite suspension through 

granular soil sample are obtained in tests. The parameters that are related to the 

hydraulic characteristics are focused in the test result presentations. Still it is a 

laboratory test based study that may give erratic discrepancies in field in some cases 

comparing to the laboratory results.  

5.2 Conclusions 

The summary of the analyses and results are described in the following lines: 

(1) The optimum range of bentonite doze for the sandy soil sample (FM=1.05, 

γd=1.41 g/cc, pressure head= 12 kpa) is 1%~3%. More exactly, the value is 

2.5% for attaining the clog. According to Bandenburg and Lagaly (1988), 

grout flow is Newtonian up to about 5% concentration. Above 5% 

concentration, the suspensions behave as non-Newtonian fluid having a yield 

stress. The flocculated network structures (contributing to yield stress) may 

stop the grout flow resulting the rheological blocking. So, Newtonian grout 

flow is expected through the soil to attain usual clogging where viscous 

stresses arise from the flow naturally. The optimum concentration (i.e. 2.5%) 

from this research work for attaining the clog may be considered within the 

acceptable range of doze in this context. Still this result may vary comparing 

with the field condition. 

(2) It has been found that the injection time of the grout sample decreases with the 

increase of percentage of grout concentration. It is also obtained that initially 

the rate of change of the curve is steeper and gradually decreases with the 

increase of bentonite fraction in the curve. The observation is similar to Yoon 

(2011). The relationship between the injection time and  the grout 

https://en.wikipedia.org/wiki/Viscous_stress_tensor
https://en.wikipedia.org/wiki/Viscous_stress_tensor
https://en.wikipedia.org/wiki/Fluid_dynamics
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concentration can be expressed by the following equations with correlation 

coefficient of 0.990 (horizontal permeation) and 0.999 (vertical permeation): 

20.628 5.714 16.74ct x x   (horizontal permeation) 

21.771 11.36 20.86ct x x   (vertical permeation) 

If the curves for horizontal and vertical grouting are compared, it can be 

observed that the curve for horizontal grouting is laid above the curve for 

vertical grouting. The reason behind it may be that in vertical direction there is 

an increased permeability action in the sample for the added gravity force of 

suspension along with capillary action vertically. So clogging occurs earlier in 

vertical direction comparing to horizontal direction.    

(3) The injected grout weight decreases with the increase of grout concentration. 

The relation is compared in between horizontal permeation and vertical 

permeation also. Injected grout weight decreases with the increase of 

percentage of grout concentration keeping some parallel distance in case of the 

curves of horizontal grouting and vertical grouting. This is reasonable as the 

faster retardation occurs at higher percentage of grout concentration. Rate of 

change of injected grout weight also gradually decreases for higher value 

grout concentrations. The reason of superimposing the vertical grouting’s 

graph may be understood from the relation as discussed in previous point. The 

relationship between the injected grout weight and  the grout concentration 

can be expressed by the following equations with correlation coefficient of 

0.993 (horizontal permeation) and 0.993 (vertical permeation): 

2102.8 711.4 1238y x x   (horizontal permeation) 
2102.8 727.4 1368y x x   (vertical permeation) 

(4) It is observed in the tests that considering the pressure head of 120 cm, the 

penetration of grouted solution covers the full distance of the sand column in 

the apparatus (i.e. 30 cm) for grout concentration of 1%, 1.5% and 2%. But for 

60 cm and 75 cm head differences, the penetration of grouted solution can not 

cover the full distance of the sand column in the apparatus even for 2% grout 

concentration. This is due to the little impact from lesser head differences 
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which indicate that testing at these head differences can not provide any 

significant result. Thus for 120 cm head difference, it has been observed that 

the penetration distance decreases with the increase of percentage of grout 

concentration. The reason is that when grout concentration of bentonite 

solution increases, the pore spaces of the sand are filled up with the grout 

within short period of time. Yoon (2011) observed the similar behavior 

(Figure 2.4). Based on the observation and considering pressure head of 120 

cm, empirical correlations are proposed to predict the penetration distance as a 

function of percentage of grout concentration which are as follows:  

242 185 172y x x     (horizontal permeation) 
210 45 20y x x     (vertical permeation) 

If the comparison is in between the horizontal and vertical permeation 

regarding the relationship of penetration distance and grout concentration, it 

has been observed that clogging is achieved faster in horizontal grouting than 

in vertical grouting operation. The probable reason behind this variation of 

result between horizontal grouting and vertical grouting may be found as per 

the discussions in the previous points.  

(5) As per flow rate analysis, it is observed from the figure that initially the 

solutions penetrated through the sand sample with very high flow rate and then 

the effluent flow rate started to decrease as the penetration proceeds through 

the sample. It is also observed that initially the total volume of grout suspensions 

penetrated through the sand column is high and that is why the accumulated volume 

is high. But in the course of time the penetration of the grout suspension through the 

sand sample becomes slow. Thus the total volume of accumulation decreases 

gradually and is attained at zero value until the grout is completely stopped. This is 

due to the deposition of particles and gradual pore filling until the grout is completely 

stopped (Axelsson et al., 2009). 

(6) Direct shear tests on the grouted soil sample gives very little indicative results 

of increasing shear strength by grouting operation. It does not imply the 

significant performance of soil against vulnerability of seepage in practical 

field. 
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5.3 Recommendations for Future Study 

The limitations that were making hindrance on the way of obtaining an exact result 

can be minimized by the following recommendations in future studies: 

(1) Special tools to be used for this type of testing to get a satisfactory mixture of 

grout suspensions. Because it was observed that mixture machine with rotating 

blade cannot make a proper mix even in high speed. It needs some steady way 

of compression and blending blow on the sample to be mixed with water. 

(2) The study was performed on small sample fixed in a comparatively small 

apparatus that may not bring practical result. In future for getting more 

acceptable result testing machineries should be large in size. Even the tests 

should be performed in field condition in large scale. 

(3) To avoid a concentration of deposited bentonite sludge near the entry point of 

the sand sample, inlet point can be decentralized by number of entry points. 

This is recommended for better performance of permeameter.  

(4) Though the bentonite content has the greatest influence on the permeability of 

cement-bentonite grout, still this type of test should be performed with 

variable dozes of cement to find the sustainable performance of grouted soil 

especially for improved shear strength performance. But it should be kept in 

mind that introducing cement, even a small amount, reduces the expansive 

properties of the bentonite component. 
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