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ABSTRACT 

 

One of the most effective ways to lower the energy used to heat or cool residential and 

commercial buildings is Underground Thermal Energy Storage (UTES) systems. These systems 

store thermal energy in underground enclosures (borefield) where it can be used when it is 

needed. UTES systems significantly improve energy efficiency. This results in decreasing usage 

of fossil fuels and fewer greenhouse gas emissions into the atmosphere. In most UTES systems, 

the top portion of the borefield is insulated to prevent heat from escaping. However, most of the 

time, there is no insulation on the sides and bottom of the borefield area. This can reduce the 

UTES systems’ performance when the surrounding ground does not have desirable thermal 

properties and underground water flow conditions.  

The current research focuses on the Southwood UTES project in Edmonton, Alberta, Canada. A 

67-meters core logging was confirmed a coal layer at 30 to 50 meters beneath the borefield. That 

layer prevents heat from escaping from the borefield underneath. However, there is no insulating 

element around the perimeter. Hence, a proposal was made to develop new insulating material to 

create thermal-insulating elements for underground enclosures that will keep the heat inside the 

enclosure from escaping and will increase the efficiency of the UTES systems.  

In order to inject the thermal-insulating material into the soil structure, an appropriate ground 

modification method is required. During past two decades, jet grouting has been introduced as 

one of the most effective methods for ground modification. Developments during the past decade 

have progressed to where jet grouting is now a suitable substitution for common grouting 

methods in cohesive soils. Therefore, the jet grouting technique was chosen to inject the thermal-

insulating grout into the soil and modify its thermal properties.  
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The understanding of jet grouting process is very limited because of its complex operations. It is 

difficult to predict or precisely control the quality of the jet grouting product, soilcrete. In most 

cases, to evaluate the performance of the jet grouting operation on a particular soil type, it is 

necessary to conduct trial jet grouting in the field. Trial jet grouting takes place at a temporary 

location that has the same geotechnical properties as the main jobsite. It involves grouting more 

than one column using different operational parameters. After jet grouting, test columns are dug 

out for visual inspections and desired tests. In the trial jet grouting method, finding a location 

that is similar to the jobsite is not always possible. It can be time-consuming and expensive, and 

not even lead to desired results. Thus, it was proposed to design and manufacture a laboratory jet 

grouting setup with almost the same performance ability as the field equipment but with a 

reduced footprint and cost. To verify and validate the success of the proposed design, thermal-

insulating grout was developed in the laboratory. Then, based on the theoretical definition of the 

jet grouting process, soilcrete specimens were hand-mixed and cast in the laboratory. Physical, 

mechanical, and thermal properties of the specimens were calculated using laboratory tests. The 

results were verified based on the literature values. After the a suitable thermal-insulating grout 

mixture was developed and the manufacturing laboratory jet grouting setup was completed, an 

actual jet grouting test was performed on the reconstructed in-situ soil formation in the jet 

grouting tank. This test was performed to validate the laboratory results obtained from hand-

mixed specimens. Also, the capability of the manufactured jet grouting setup and actual 

laboratory jet grouting experiment results were verified with well-documented literature about jet 

grouting projects. The results revealed tremendous improvements in thermal and strength 

properties of the soilcrete compared to the in-situ soil, as well as a successful performance of the 

laboratory jet grouting setup.  
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PREFACE 

 

This thesis is an original work by Babak Nikbakhtan. However, the core logging data and 

determination of soil thermal properties using the Thermal Constants Analyzer TPS 1500 comes 

from research that I participated in, and which was led by Dr. Derek Apel at the University of 

Alberta. The laboratory jet grouting setup described in Chapter four was designed by me, with 

the assistance of Dr. Apel, engineers at the John Brooks Company Ltd (JBCL), and machine 

shop technicians at the University of Alberta. All other engineering aspects of manufacturing and 

selection of parts were contracted by JBCL.  

The experimental laboratory tests and data analysis in Chapter five, jet grouting test using 

laboratory jet grouting setup and data analysis in Chapter six, and concluding analysis in Chapter 

seven are all my original work, as well as the literature reviews in Chapter two and Chapter 

three. My colleague, John Lee, a MSc student of Dr. Apel, helped me during preparation of 

reconstructed soil in the jet grouting tank. 

Two papers were published from Chapter three of this thesis as: “Jet grouting: mathematical 

model to predict soilcrete column diameter – part I”, B. Nikbakhtan, D. Apel, K. Ahangari, 

International Journal of Mining and Mineral Engineering, Vol. 6, No. 1, 2015, 46-56; and “Jet 

grouting: using artificial neural networks to predict soilcrete column diameter – part II”, B. 

Nikbakhtan, D. Apel, K. Ahangari, International Journal of Mining and Mineral Engineering, 

Vol. 6, No. 1, 2015, 57-71. These papers came to conclusion about the limitations of current 

methods in predicting soilcrete properties. To overcome those limitations, a proposal was made 

to design and manufacture a laboratory jet grouting setup. Other three papers have been 

submitted to different journals as follows. “Physical modeling of jet grouting in the laboratory,” 

from Chapter four; “Introduction of thermal-insulating grout mixture for jet grouting 

application,” from Chapter five; and “Development of thermal-insulating soilcrete using 

laboratory jet grouting setup,” from Chapter six.  In all of the above papers, I was responsible for 

the data collection and analysis as well as the manuscript composition. Dr. Apel assisted me with 

the data collection and contributed to manuscript edits. Dr. Ahangari was the supervisory author 

and was involved with manuscript edits.  
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s   a coefficient related with cement type 

t   age of the mixture 

 

In Equation  3-50 to Equation  3-52: 

γsc  unit weight of soilcrete  

C      total mass of cement in the soilcrete 

R      long term strength  

S      mass of soil solids 

W     total mass of water in the soilcrete  

 

In Equation  3-53 to Equation  3-55: 

GC   absolute specific gravity of cement 

GS   absolute specific gravity of soil particles 

γb  bulk density  

C  cement contained in the volume of the treated soil 

R  Unconfined compressive strength of soilcrete at 120-days 

S  dry soil contained in the volume of the treated soil 

W  total water contained in the volume of the treated soil 

 

In Equation  3-56: 

ρc   density of cement  

ρg   density of grout  

ρW   density of cement  

W   water/cement ratio  

 

In Equation  3-57 to Equation  3-61: 

Qg   flow rate of grout delivery 

Vcl   volume of soilcrete column 

Vg   volume of grout for forming the column 

Vs   volume of soil 
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Vsr   volume of soil subject to removal during formation of the column 

w0   volume moisture content of soil (in completely saturated soil n=w0) 

γc   density of cement 

A = Vg/Vs  weight content of cement (∁) in a unit volume of soilcrete column 

d   drill hole diameter 

D   soilcrete diameter 

H   length of the column which the grout is delivered  

n   undisturbed porosity 

v   speed of longitudinal (withdrawal speed or lifting rate) 

w/c   water/cement ratio of the grout 

 

In Equation  3-62 to Equation  3-66: 

(
C

W
)
e

   cement/water ratio of the ejected cutting  

(
W

C
)
grout

  water/cement ratio of injected grout 

Gc   3.0 specific gravity of cement injected 

Gs   specific gravity of the soil 

Qejected   flow rate of ejected cuttings 

Qinjeted grout  flow rate of injected grout 

qu   compressive strength of hardened soilcrete  

Wcement
c   weight of cement in column 

Wsoil
c    weight of soil in column 

Wt
c   total weight of column 

Wwatet
c    weight of water in column 

γt
c   total unit weight of soilcrete column 

γt
in−situ   total unit weight of soilcrete column 

γt
o   density of the out flow 

γw   unit weight of water  

∆Z   height of soilcrete column 

D   soilcrete column diameter 

L   lifting rate of monitor through height of ∆Z 

w   in-situ water content  

 

In Equation  3-67: 

n   original soil porosity 

V   soilcrete column volume per unit length 

Vj   volume of injected grout per length of treatment. 
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α   volumetric percentage of grout retained by the subsoil 

β   volumetric percentage of soil removed by the jet action 

δ   percentage of pores filled with grout  

 

CHAPTER FOUR 

In Equation  4-1 and Equation  4-2: 

p   operation pressure  

P   power output from the plunger pump  

Q   flow rate  

 

In Equation  4-3: 

Pin   power input to the pump 

ƞ   efficiency of the pump 

P   power output from the pump 

 

In Equation  4-4 to Equation  4-8: 

DH   pipe diameter 

LH   pipe length 

ρw   density of water 

∆p   pressure loss in the pipe 

f   friction factor 

Q   flow rate 

Re   Reynolds number 

v   flow velocity in the pipe  

μ   dynamic viscosity of water 

 

In Equation  4-9 to Equation  4-14: 

cd  an efficiency parameter 

Pi  available pressure at the nozzles  

Po  total pressure at nozzle outlet  

Pstatic  hydrostatic pressure in borehole  

v0   jet velocity 

ρslurry   slurry density in borehole 

ρw  mass density of water 

g   acceleration due to gravity 

h   depth of the nozzle 

P  operating pressure (Pi − P0)  
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Β  multiplying factor 

 

In Equation  4-15: 

FR   reaction force 

İj   jet impulse flow 

vj   jet velocity 

ρw   density of the water 

ṁ   water mass flow rate 

P   operating pressure 

Q   flow rate 

 

CHAPTER FIVE 

In Equation  5-1: 

Mc    mass of container 

Mcds    mass of container and oven dry specimen 

Mcms   mass of container and moist specimen 

Ms    mass of oven dry specimen  

Mw    mass of water  

w  water content 

 

In Equation  5-2 and Equation  5-3: 

Cc  coefficient of Gradation  

Cu  uniformity Coefficient  

D10  effective Size  

D30   diameter corresponding to 30% finer in particle-size distribution curve 

D60   diameter corresponding to 60% finer in particle-size distribution curve 

 

In Equation  5-4: 

M1   mass of pycnometer and water  

M2   mass of pycnometer and water and soil solids 

Ms   mass of oven dried soil solids 

ρs   density of soil solids 

ρw   density of water 

 

In Equation  5-5 to Equation  5-7: 

Gs   specific gravity of soil solids 

V(m)   volume of mold 
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wsat   water content for complete saturation 

γd   dry unit weight of soil 

γw   unit weight of water at 20oc 

W   weight of the compacted soil in the mold 

 

In Equation  5-8 to Equation  5-10: 

A0   initial cross-sectional area of specimen 

qu  unconfined compression strength  

su  undrained shear strength 

σ1  major principle stress is  

σ3  confining pressure 

A   corrected cross-sectional area of specimen 

ε   axial strain for a given axial force 

 

In Equation  5-11 to Equation  5-25: 

Cs, Cw, Ca  heat capacities per unit volume of soil solids, water, and air, respectively  

CU and CF  volumetric heat capacity of unfrozen and frozen  

T1   temperature of end face 

T2   initial temperature 

xs, xw, xa solid, water, and air compositions in unit volume of soil, respectively 

γd   dry unit weight of the soil  

γw   unit weight of water 

∆T   change in temperature  

A   cross-sectional of soil 

C   heat capacity per unit volume 

c   specific heat capacity  

k   heat conductivity 

l   length of soil element  

m   mass of substance acting as environment  

q   heat flow 

Q  quantity of heat 

w   water content 

α   heat diffusivity  

ρ   density  

 

In Equation  5-26: 

ttot   total measurement time for the transient recording 
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k   a typical value in hot-disc measurements  

α   thermal diffusivity of the specimen material 

 

In Equation  5-27 and Equation  5-28: 

Mc   mass of the measure filled with freshly mixed grout or soilcrete  

Mm   mass of the measure 

Vm   volume of measure 

ρc   density of cement grains 

ρg  density of grout 

ρw   density of water 

w   water cement ratio 

ρ   fresh unit weight of grout 

 

In Equation  5-29 and Equation  5-30: 

V1   volume of sample at beginning of test 

V2  volume of sample at prescribed intervals, measured at upper surface of water layer 

Vg  volume of grout portion of sample at prescribed intervals, at upper surface of grout 

 

In Equation  5-31 to Equation  5-37: 

g1   bulk density, dry 

g2   apparent density 

A   mass of oven-dried sample in air 

B   mass of surface-dry sample in air after immersion 

C   mass of surface-dry sample in air after immersion and boiling 

D   apparent mass of sample in water after immersion and boiling 

ρ   density of water  

 

In Equation  5-38: 

d  diameter of specimen 

l   length of specimen 

P   maximum applied load 

T   splitting tensile strength 

 

CHAPTER SIX 

df   estimate relative lateral displacement at failure 

Rd   displacement rate 

tf   total estimated elapsed time to failure 
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τf   shear stress on the failure plane 

ℵS.v.A  improvement percentage of soil particular property relative to the same property of actual soilcrete 

ℵS.v.H  improvement percentage of soil particular property relative to the same property of hand-mixed 

soilcrete 

c   cohesion  

ϑ   particular property of soil or soilcrete in both wet and dry condition  

σ   normal stress on the failure plane 

φ   angle of internal friction 

β   field factor of safety  for each particular property  
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Chapter 1 INTRODUCTION 

 

 

 

 

 

 

 

This chapter includes a general overview of the research. First, it explains an overall definition 

of both Underground Thermal Energy Storage and Jet Grouting systems. Then it discusses the 

definition of the problem, objectives of the study, scope and limitation of the work, the research 

methodology, and the thesis outline. 
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1-1. Underground thermal energy storage 

In developed economies, buildings account for 40% of energy consumption and greenhouse gas 

(GHG) emission. More than half of the building energy (55%) is used for heating and cooling. 

Increased concerns about global warming have led environmental, political, and business leaders 

to look for new ways to reduce GHGs such as carbon dioxide. The development of an efficient 

and renewable energy supply such as a thermal energy storage system can be a solution for the 

demand to simultaneously reduce GHG emissions. The thermal energy storage system stores the 

energy, which can be either heat or cold, in the ground to be used at a later time. One of the most 

common thermal energy storage systems is a seasonal thermal energy storage system which 

stores a large volume of energy to meet a seasonal load (Gaine and Duffy 2010). Seasonal 

thermal energy storage systems usually store energy underground and are known as 

Underground Thermal Energy Storage (UTES). Borehole Thermal Energy Storage (BTES) is a 

common practice of UTES. It is a closed loop system which includes many vertical boreholes 

placed 50 to 200 meters below the ground. In this method, the ground itself is the storage 

medium. Energy is carried out from the energy source into the ground, using single or multiple 

U-tubes which are inserted into boreholes to deliver/absorb the heat using fluids into/from the 

ground. The best ground conditions for BTES methods are high thermal conductivity with low 

groundwater flow (Roth and Brodrick 2009). The performance of BTES systems depend on 

various operational and geometrical parameters such as operation schedules, injection 

temperature, injection-production rate, geometrical configuration of the borehole, permeability of 

the ground, and thermal properties of the ground (K. S. Lee 2008). In the current study, thermal 

properties of the ground were investigated in order to increase the performance of the BTES 

systems. 

 

1-2. Statement of the problem I 

In most BTES systems, the top portion of the borefield is covered with sand, polystyrene 

insulation layers, waterproof membrane, and soil to insulate the borefield area and reduce the 

amount of heat that can escape. However, most of the time, there is no insulation on the sides 

and bottom of the BTES (Mcclenahan et al. 2006), which can reduce the performance when the 

surrounding ground does not have desirable heat conductivity properties and underground water 

flow conditions. Therefore, regardless of the energy source, the entire perimeter, top surface, and 
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bottom of the BTES must be insulated to reduce the amount of heat that can escape. Using 

different insulation layers may reduce the amount of energy escaping from BTES.  

Some places, such as many areas in Alberta, Canada, can also use underground coal seams to 

their advantage. For instance, many areas in Edmonton, Alberta, have coal seams located at 

depths between 10 to 100 meters. Since coal is an excellent insulator, ensuring that the insulating 

enclosure is at the same depth as the coal layer will ensure that the entire borefield is insulated. 

GSS Geothermal Ltd., in cooperation with the University of Alberta in Edmonton, has worked 

on the Southwood 19-acre townhome rental community project in southeast Edmonton, aiming 

to increase the underground energy reservation and optimize the boreholes design. In the 

Southwood project, the coal layer is located between 30 to 50 meters beneath the BTES, which 

can prevent heat from escaping from the bottom. However, there are no insulation layers to 

insulate the perimeter of the borefield. Hence, the development of new thermal-insulating 

material and elements was proposed in the current research to create a thermal-insulating 

enclosure around the BTES borefield, which will keep the heat inside the enclosure from 

escaping and increase the efficiency of the UTES systems. It is essential to use an appropriate 

ground modification technique to inject the newly developed thermal-insulating material into the 

soil structure and create the thermal-insulating elements. Thus, it was proposed that the outside 

walls of the BTES borefield should be insulated by modifying the soil’s thermal-insulating 

properties using jet grouting technology and thermal-insulating grouts.  

 

1-3. Jet Grouting 

The jet grouting method uses high velocity hydraulic energy to erode the soil, which is the first 

step in the process. After that, excavated soil grains are removed from the borehole and replaced 

with reinforced material, such as cement and grout, to form a solidified in-situ element known as 

soilcrete. In this method, the grouting fluid or water is forced through a small nozzle by pumping 

pressure to create high velocity energy to overcome the soil strength and erode it (Schaefer 

1997). Generally, jet grouting can be done with three different systems based on the number of 

fluids used in process. These systems are known as single fluid, double fluid, and triple fluid. 

The triple fluid system, which is being used in this study, is the most complicated method and 

uses three tubes to separately carry water, grout, and air. In the triple fluid system, more soils are 

excavated and it is possible to fully replace the soil with grout (HBI et al. 1994). The system is 
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the most effective ground modification method for cohesive soils. It is also more controllable 

and safer for sensitive structures than the single fluid system (Brill, Burke, and Ringen 2003).  

After selecting the jet grouting system, the design of the jet grouting operational parameters is 

based on the previous experiences. The way in which these parameters and the soil properties 

influence the soilcrete properties is uncertain (Li and Hu 2010). These uncertainties may increase 

the overall cost and risk of the project. In many cases, they may limit the use of jet grouting. 

Many researchers and jet grouting experts have attempted to evaluate the effects of different 

parameters on soilcrete properties. They have also calculated some structural, physical, and/or 

mechanical properties of soilcrete. However, these approaches are scarce and have serious 

limitations. It is common to determine soilcrete properties using field trial jet grouting. Trial jet 

grouting takes place at a temporary location that has the same geotechnical properties as the 

main jobsite. It involves grouting more than one (but usually fewer than 10) columns using 

different operational parameters. The test columns are dug out after curing. Their specific 

properties, based on the project requirement, are measured. Finally, based on the in-situ trial test 

results, the actual operational parameters are suggested to reach the desired soilcrete properties in 

the main jobsite.  

 

1-4. Statement of the problem II 

Generally, field trial jet grouting is necessary in order to properly design soilcrete properties 

(Tinoco 2012; Warner 2004). But this approach is expensive, time-consuming and site-

dependent. More importantly, it does not always lead to desirable results. Although many 

researchers have been studying the design of soilcrete properties, no reliable and accurate 

measuring system exists that is accepted by all (Brill, Burke, and Ringen 2003). Most researchers 

have studied soilcrete diameter and very few have reported soilcrete mechanical properties. Also 

no attempt has been made to study the thermal properties of soilcrete.  

Another factor that makes this method more attractive is the shortage of a good ground 

condition. Given the fast growth of urbanization and industrialization, as well as rapid 

developments of municipal construction in major Alberta cities such as Edmonton and Calgary,  

every available patch of ground may in use for construction purposes (S. Y. Liu et al. 2008). This 

decreases the availability of areas with good ground and soil conditions. Sometimes structures 

must be built on peaty and weak soils. In such cases, jet grouting can be used to improve the 
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engineering properties of the soil (J. L. Wang, Wang, and Wang 2009). To date, the jet grouting 

technique has been used mostly in large-scale projects, but by introducing relatively less 

expensive equipment with low maintenance costs and high reliability, jet grouting is going to 

spread into small projects. Its ability in underpinning foundations even near buried utility lines 

without the need to excavate makes the method ideal for providing ground improvements in 

municipal areas (Bedenis, Jedele, and Maranowski 2005). However, it is hard to find a particular 

ground condition that is the same as the main jobsite in municipal areas. Also, the presence of 

surrounding buildings and underground utilities makes trial jet grouting impossible (Haider and 

Byle 2000).  

 

1-5. Definition of the problem 

The literature review shows that jet grouting has rarely been used to improve the thermal-

insulating properties of soils. It was proposed to use expanded lightweight perlite (ELP) to 

develop thermal-insulating grout, which produces an optimal thermal-insulating soilcrete that 

can be used in jet grouting. The improvement criteria were developed based on a comparison of 

the thermal and strength properties of the thermal-insulating soilcrete compared to the in-situ 

soil. Using the ELP material as grout aggregates may reduce the thermal conductivity as well as 

the strength of the in-situ soil. It is important not to compromise the in-situ strength properties of 

the soil by addition the ELP material.  

The only and best way to predict the thermal-insulating properties of soilcrete is to perform trial 

jet grouting in a laboratory, using actual jet grouting parameters and equipment, to simulate the 

operation on a particular soil. However, the actual field jet grouting equipment is huge and very 

expensive to use in a laboratory environment. To date, no laboratory setup is available for 

measuring and designing the parameters of double and triple fluid jet grouting, which are the 

most complicated and efficient systems. Therefore, it was proposed to design and manufacture a 

laboratory jet grouting setup with almost the same performance ability as the field equipment but 

with a reduced footprint and cost. This setup simulates, in a laboratory, the entire process of the 

jet grouting system. All operational parameters can be taken into account. Also, the groutability 

of the developed thermal-insulating grout mixture can be observed using a laboratory jet 

grouting setup. In the current research, a modified triple fluid jet grouting system is built to study 

the thermal and mechanical properties of the soilcrete in cohesive soil.  
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1-6. Objectives of the study  

Based on the problem definition, the following are the most important objectives of the current 

study:  

 

1) Studying the effect of different parameters and empirical methods to calculate the 

soilcrete properties based on well-documented literature.  

 

2) Designing and manufacturing the laboratory jet grouting setup based on the actual field 

jet grouting equipment and procedure.  

 

3) Developing an optimal grout mixture with optimal soilcrete thermal, physical, and 

mechanical properties by hand-mixing different grout mixtures and ELP with a particular 

soil from the Southwood UTES project in Edmonton, Alberta. 

 

4) Developing mathematical correlations to predict the properties of the soilcrete based on 

the results of the hand-mixing soilcrete laboratory experiment. 

 

5) Implementing the laboratory jet grouting operation using the optimal grout mixture to 

validate the laboratory results obtained from hand-mixed soilcrete and study the effect of 

ELP material on actual soilcrete properties as well as evaluating the performance of the 

laboratory jet grouting setup on the soil.  

 

1-7. Scope and limitations of the work  

The laboratory equipment for the triple fluid jet grouting system was designed and manufactured 

to simulate, as much as possible, the actual process of jet grouting. In the triple fluid jet grouting 

system, the main task of shrouded-air around the water jet is to enhance the jetting action to 

improve the erosion distance, which consequently increases the soilcrete diameter. The presence 

of air bubbles in the soilcrete structure will have a negative effect on the soilcretes’ mechanical 

properties. Also, mixing the grout with ELP material may reduce the mechanical properties 

while increasing the air voids throughout the soilcrete. Therefore, it is expected that the reduction 

in the mechanical properties will be an issue.  
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On the other hand, there are many constraints regarding the size of the laboratory jet grouting 

mixing tank. If a large diameter tank is manufactured, more soil is required to fill it. This will 

increase the weight of the tank. There is no need to build a soilcrete specimen with a large 

diameter in the laboratory experiment. Moreover, it would be very expensive to manufacture a 

coaxial water conduit shrouded with air. To make the procedure more practical, simplify the 

manufacturing process for the equipment and nozzles, and keep expenses as low as possible, 

compressed air was not used in the laboratory setup. 

 

1-8. Research methodology  

To verify and validate the success of the proposed design, thermal-insulating grout was 

developed in the laboratory using three different aggregates of water, cement, and ELP material. 

Then, based on the theoretical definition of the jet grouting process, soilcrete specimens were 

hand-mixed and cast with appropriate proportions of the grout mixture and soil. Physical, 

mechanical, and thermal properties of the specimens were calculated using laboratory tests. The 

results were verified based on the literature values and findings. After a suitable thermal-

insulating grout mixture was developed and the manufacturing laboratory jet grouting setup 

completed, an actual jet grouting test was performed on the reconstructed in-situ soil formation 

in the jet grouting tank. The optimal jet grouting operational parameters were used to create the 

actual thermal-insulating soilcrete. This test was performed to validate the laboratory results 

obtained from hand-mixed specimens. Also, the capability of the manufactured jet grouting setup 

and actual laboratory jet grouting experiment results were verified with well-documented 

literature about jet grouting projects.  

 

1-9. Thesis outline  

This thesis consists of seven chapters. Each is briefly introduced as follows. 

 

Chapter Two: This chapter reviews the UTES technique and discusses two ongoing projects in 

Alberta. It also explains the thermal-insulating concept of the Southwood UTES project in 

Edmonton 
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Chapter Three: This chapter discusses the basics and historical development of the jet grouting 

method. It also includes a literature review of all important jet grouting operational and soil 

parameters that affect soilcrete properties. The last part of the chapter presents a design approach 

of the jet grouting operation as well as some empirical and theoretical methods in order to 

understand and address the jet grouting process properly and predict the soilcrete properties. It is 

hoped that this will help the jet grouting specialists to use these methods to initially evaluate their 

projects. 

 

Chapter Four: This chapter looks at the design procedure of the laboratory jet grouting setup, 

which simulates the entire jet grouting process. The laboratory jet grouting setup will be used to 

study the effect of jet grouting on the thermal and mechanical properties of a particular soil 

condition from the Edmonton area. 

 

Chapter Five: This chapter discusses the development of thermal-insulating grout for a jet 

grouting operation. Based on theoretical values obtained from literature about the jet grouting 

technique, five different grout mixtures were developed and hand-mixed with in-situ soil 

samples obtained from a particular project in Edmonton, Alberta, Canada. Many laboratory 

geotechnical tests were carried out on hand-mixed soilcrete samples to find an optimal mixture, 

which resulted in better thermal, physical, and mechanical properties of soilcrete. 

 

Chapter Six: This chapter examines the reconstruction procedure of the in-situ soil in the jet 

grouting tank. It also discusses implementation steps of the laboratory jet grouting operation after 

the development of the most suitable thermal-insulating grout mixture and the completion of the 

manufacturing laboratory jet grouting setup. Also, the capability of the manufactured jet grouting 

setup and the actual laboratory jet grouting experiment results were verified with well-

documented literature about jet grouting projects.  

 

Chapter Seven: This chapter contains the summary of the research and its contributions, as well 

as concluding statements and recommendations for future research in both jet grouting technique 

and its thermal-insulating concept. 
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Chapter 2 UNDERGROUND THERMAL 

ENERGY STORAGE 

 

 

 

 

 

 

 

This chapter reviews the underground thermal energy storage (UTES) technique and discusses 

two ongoing projects in Alberta. It also explains the thermal-insulating concept of the 

Southwood UTES project in Edmonton 
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2-1. Introduction 

Reducing carbon emissions in buildings and lowering required energy costs for heating and air 

conditioning are a high priority internationally. Developing an efficient and renewable energy 

supply such as a thermal energy storage system can be a solution for energy demands, as it can 

simultaneously reduce greenhouse gas (GHG) emissions (Gaine and Duffy 2010). In other 

words, one of the effective ways to lower the energy used to heat or cool residential and 

commercial buildings is by using a thermal energy storage system (Lamarche and Beauchamp 

2007a). Thermal energy storage systems have been known to provide economic and 

environmental solutions to energy problems (K. S. Lee 2008). These systems provide significant 

improvement in energy efficiency, which results in decreasing usage of fossil fuels. 

Consequently, carbon dioxide emissions to the atmosphere can be reduced considerably (H. 

Wang and Qi 2008). Although the high initial capital cost of every energy efficient system is a 

disadvantage, by increasing a building’s energy efficiency, the operating costs over the system’s 

lifetime will be lower than costs of a conventional non-energy efficient system (Gaine and Duffy 

2010).  

A thermal energy storage system stores energy (either heat or cold) in the ground to be used at a 

later time. The two most common types of thermal energy storage systems are the diurnal system 

and the annual or seasonal thermal energy system. Diurnal systems store heat during the night so 

that it can be used during the day. Seasonal thermal energy systems require a large volume of 

energy to meet the seasonal load (Gaine and Duffy 2010). These energy sources, which can be 

used by a seasonal thermal energy system, are solar thermal (typically low-temperature 

collectors), industrial waste heat, excess heat from district energy systems, snow and ice, and 

seawater (Roth and Brodrick 2009). Seasonal thermal energy systems usually store energy 

underground and are known as Underground Thermal Energy Storage (UTES). The UTES 

systems are preferred because there is no need for a floor area; the ground has a constant mean 

temperature compared with ambient air and is capable of holding the energy relatively constant 

during the year compared to other methods such as above ground tanks. UTES systems are 

unobtrusive, which improves their overall performance and reduces operating costs. In recent 

years, UTES systems have been known as the cleanest, most energy efficient and cost-effective 

methods for space heating residential and commercial buildings (Lamarche and Beauchamp 

2007b). There are two methods of UTES systems: aquifer thermal energy storage (ATES) and 
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borehole thermal energy storage (BTES). In the ATES method, underground water is used to 

store the energy and wells are used to pump the water in and out to store or extract the energy. 

The BTES method, which is the focus of the current study, is a closed loop system which 

includes many vertical boreholes placed 50 to 200 meters below the ground. In this method, the 

ground itself is the storage medium. Most of the BTES systems have almost the same 

components. Figure  2-1 shows an example of major components of a BTES project in the Drake 

landing solar community (DLSC) in Alberta, Canada. In that particular project, solar panels were 

used to collect the energy and store it underground. The major components of each BTES system 

can be divided into energy source (solar in the DLSC project), energy center, borefield, district 

heating system, and consumers (houses). Energy is carried out from the energy source (solar 

collection panels) to the energy center. In the energy center, thermal energy is transferred to 

water in short-term thermal storage tanks. During the summer, the energy of the heated water 

from the storage tanks is transferred and stored in the borefield. To maximize the horizontal 

stratification of heat transfer during the storage, heated water flows from the center of the 

borefield and passes through the borehole to the outside (Figure  2-2) (Mcclenahan et al. 2006). A 

single or multiple U-tube(s) is inserted into the boreholes to deliver/absorb the heat, using fluids 

into/from the ground (Figure  2-3). The pipes act as a huge heat exchanger with the ground. After 

the boreholes are drilled and the pipes inserted, the boreholes are back-filled with high thermal 

conductivity material, which helps the heat transfer between the pipes and the ground. With this 

method, by having a large number of boreholes, a significant storage of the thermal energy is 

possible. This energy can be used for space heating in large communities or commercial 

buildings. The thermal properties of ground and underground water flow conditions are 

significant in this method (Gaine and Duffy 2010). The best ground conditions for BTES 

methods are high thermal conductivity with low underground water flow (Roth and Brodrick 

2009). Any BTES needs to be fully charged with thermal energy. After that, the optimum 

performance will be achieved. Initial heat transferred into the soil is used to increase the ground 

temperature above its initial temperature (5 − 100C) (W. P. Wong et al.). The initial cost of 

boreholes in the ground is the most significant obstacle to the growth of this method. However, 

this cost will become lower as the cost of energy increases and the method will be  in more 

demand in the near future (Lamarche and Beauchamp 2007a). It is important to simulate the 

UTES system’s performance and analyze its life cycle to justify investment, mainly when the 
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size of the system increases (Sepehri 2011). The performance of BTES systems depends on 

various operational and geometrical parameters such as operation schedules, injection 

temperature, injection-production rate, geometrical configuration of the borehole, and the 

permeability and thermal properties of the ground (K. S. Lee 2008). Thermal properties that 

should be considered for the feasibility study of BTES systems are the thermal conductivity of 

the ground, initial undisturbed ground temperature, thermal diffusivity, and specific heat 

capacity. 

 

2-2. UTES projects in Alberta, Canada 

Most populated cities in Canada receive significantly more sun exposure during the year than 

countries such as Germany, Italy, and Japan, where the use of solar energy is becoming common. 

Table  2-1 illustrates the number of thermal energy storage projects in European countries. 

Southern Alberta receives slightly less sun exposure than states such as Arizona, but a very small 

portion of sun exposure energy is used for space heating in Alberta. Also, due to Canada’s 

geographic location, the major amount of sun exposure is received during the summer. During 

the winter, when the need for space heating is at its peak, sun exposure is relatively low. The 

significant difference in Alberta between the space heating demand in the summer and winter 

suggests that the UTES option is a more reliable method to store energy underground. The 

following two projects are discussed to show the importance of the UTES systems. 

The first large-scale solar BTES system in Canada, which is also the largest of its kind in North 

America, is located in the town of Okotoks, 15 minutes south of Calgary, Alberta, in the DLSC 

project. The heat energy of the sun is collected by solar panels during the summer and then 

stored and reused as energy to space-heat 52 modern detached homes during the following 

winter. The project uses 144 boreholes that are 35 meters long and 150 millimeters in diameter. 

The borefield is used to store heat at temperatures of up to 80oC from solar collectors (Gaine and 

Duffy 2010; W. P. Wong et al.). Figure  2-4 shows the actual condition of the BTES recorded on 

July 27, 2015. Based on the design, a typical new house uses 126 GJ of natural gas per year (100 

GJ for space-heat and 26 GJ for domestic hot water) and emits 6.3 tonnes of GHG. It also uses 

8760 kWh of electricity per year. In Alberta, most electricity generation is coal-fired. Hence, 

generating 8760 kWh of electricity emits 6.8 tonnes of GHG. Therefore, a new house emits 

almost 13 tonnes per year of GHG. Using solar energy and a BTES system, each DLSC house 
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should save 110.8 GJ of natural gas and 630 kWh of electricity each year (taking into 

consideration pumping system energy). The gas and electrical savings for each new house reduce 

5.8 tonnes of GHG per year, or 43%. Thus, when all houses are occupied and the BTES is fully 

charged, the total reduction of GHG for the community should be 300 tonnes per year 

(Mcclenahan et al. 2006).  

The second project studied in this thesis is the redevelopment of Southwood, which is a 19-acre 

townhome rental community in southeast Edmonton, designed to provide affordable living for 

families and seniors. The project was proposed by GSS Geothermal Ltd
1
. to use natural gas 

cogenerates to generate electricity and heat during winter months for the community. The 

cogeneration devices can be used in residential and commercial buildings to improve electricity 

generation efficiency and, hence, reduce overall energy costs. When electricity is generated, so is 

a huge amount of heat. That heat is a valuable byproduct which can be collected and used for 

space-heating and domestic hot water. During the summer, the amount of generated heat is even 

more than that of demanded heat. The excess heat can be stored underground with a BTES 

system and then used in the winter. In other words, the electrical output from a cogeneration 

power plant to meet a community’s electrical demand will result in a seasonal and annual 

thermal imbalance. BTES can control the imbalance by storing and transferring the excess heat 

underground (GSS 2012). Figure  2-5 illustrates an example of the net annual thermal energy 

balance of a building’s heat requirements. In the figure, the building’s heating requirement is 

determined synthetically. It is also assumed that a cogeneration device is implemented to provide 

a constant 10 kWh of thermal energy over the entire year. In the figure at any hour, if the net 

thermal balance is positive, an excess of heat is generated by the cogeneration device and must 

be injected underground. If the net thermal balance is negative, there is an insufficient amount of 

heat available from the cogeneration device and either a BTES heat pump or an auxiliary heater 

must be used to make up the deficit and keep the building warm (Roppelt 2011). Hence, in this 

project, the source of BTES energy will be the excess heat generated by cogeneration devices 

used to produce electricity. The Southwood energy system will produce electricity and heat 

during the year with low costs. Decreasing the carbon dioxide emission up to 60% in new 

buildings, reducing the use of primary energy, and increasing the use of renewable energy 

sources are the direct benefits of the project (Kantrowitz and McFaralane 2012). Reducing 

                                                 
1
 http://www.groundsourcesolutions.com 
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transportation energy, traffic, and accident risk are the indirect benefits (Laloui, Nuth, and 

Vulliet 2006).  

 

2-3. Thermal-insulating concept of BTES 

In most BTES systems, the top portion of the borefield is covered with sand, polystyrene 

insulation layers, a waterproof membrane, and soil to insulate the borefield area and reduce the 

amount of heat that escapes. However, most of the time, there is no insulation on the sides and 

bottom of the BTES (Mcclenahan et al. 2006). This can reduce the BTES performance when the 

surrounding ground does not have desirable heat conductivity properties and underground water 

flow conditions
1
. Regardless of the energy source, the entire perimeter, top surface, and bottom 

of the BTES must be insulated to reduce the amount of energy that escapes. When the energy 

source is the excessive heat of an industrial activity, the matter of heat that escapes is more 

important. This is because natural gas is being used to produce the excessive heat, even if that 

excessive heat is a byproduct.  

In the DLSC project, there are no insulation layers on the sides and bottom of the BTES. 

Therefore, of 1950 GJ and 2100 GJ of energy in BTES, only 750 GJ and 1000 GJ can be 

recovered, respectively. This means that 61% and 53% of the energy is lost from the BTES (W. 

P. Wong et al.; Mcclenahan et al. 2006). Using different insulation layers may reduce the amount 

of the escaped energy from BTES. Additionally, some areas in Alberta can use coal seams to 

their advantage. Many areas in Edmonton have a thin coal seam located at depths between 10 

to100 meters. Since coal is an excellent insulator
2
, creating the insulating enclosure to the depth 

of the coal layer would also insulate the heat storage system at the bottom of the storage 

enclosure. In the Southwood project, the coal layer is located 30 to 50 meters beneath the BTES, 

which can prevent heat from escaping from the bottom. However, there are neither insulation 

layers nor any concepts to insulate the perimeter of the borefield to decrease the energy escape. 

More importantly, the source of energy is excessive heat from an industrial activity, and it is 

critical to prevent that heat from being wasted. The author proposes a concept of creating an 

insulated enclosure around the BTES area, which will prevent the stored heat from escaping into 

                                                 
1
 It is desirable for the ground to have high heat conductivity in order to charge the BTES borefield with thermal 

energy. This helps heat to transfer fast from vertical boreholes through the soil. However, high heat conductivity 

may have a negative effect on the injected heat that escapes from the perimeter of the borefield area. 
2
 Average thermal conductivity, volumetric heat capacity, specific heat capacity, heat diffusivity, and density 

of coal are 0.2 W/m. K, 1.95 MJ/m3. K, 1300 J/kg. K, 0.1 mm2/sec, and 1500 kg/m3, respectively. 
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the surrounding environment. It is proposed that the walls of the borefield be insulated by 

modifying the soil’s thermal properties by using jet grouting technology and thermal-insulating 

grouts (Figure  2-6).  

 

2-4. Thermal-insulating material 

Insulation has been considered the most cost-effective technique of energy conservation to 

prevent carbon dioxide abatement (W. V. Liu 2013). Insulating concrete mixtures were 

originally developed for use as the insulation layers on the rock surfaces of deep and hot 

underground mines. Bottomley (1985) stated that fully and partially insulating can reduce the 

geothermal heat load by 50 to 70% and 25 to 40%, respectively. The United States bureau of 

mines (USBM) proposed an idea about a new type of shotcrete for the thermal insulation of deep 

underground mines. The new shotcrete uses expanded lightweight perlite (ELP) in the mixture. It 

performed well in both the rock support aspect and insulating layer (USBM 1994). The research 

was abandoned due to the sudden closure of the USBM in 1995. W. V. Liu (2013) conducted 

research regarding the development of insulating shotcrete for applications in underground 

tunnels. He replaced the sand aggregate of the shotcrete with the following volumes of ELP 

aggregate: 0, 25, 50, 75, and 100%. Table  2-2 illustrates all mix proportions. The results 

(Table  2-3) showed that increasing the amount of ELP weakened the shotcrete’s mechanical 

properties, but improved the thermal properties. 

To improve the understanding of thermal insulating material, it is important to understand the 

composition of ELP. Raw perlite is a natural siliceous volcanic rock which contains 2 to 5% 

water in the amorphous and glassy form of magma (Kramar and Bindiganavile 2010). In 

temperatures above 870oC, raw perlite undergoes substantial volume expansion (four to 20 

times). After the water evaporates, porous ELP is produced (Ciullo 1996). ELP has been widely 

used in concrete and mortar applications because of its lightweight and good performance in 

thermal and acoustical insulation, as well as fire protection (W. V. Liu 2013).  It has been used as 

an aggregate in the concrete field since the early 1940s, to manufacture lightweight structures 

and slabs. For this use, ELP is mixed with other aggregates to obtain sufficient strength and 

thermal insulation properties (Brouk 1949). Not only does ELP have no toxicity (Sakai, T. & 

Nagao 1985), it is widely used in fire retardants to reduce the flammability of other material 

(Kasai et al. 1979). Moreover, because of its low bulk density (about 71 kg/m3) (W. V Liu, 
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Apel, and Bindiganavile 2011), the cost of ELP in volume is very low (Bolen 2004). Therefore, 

there is no restriction regarding its use in jet grouting operations. The only condition is that the 

thermal, physical, and mechanical properties of the soilcrete have to be studied after mixing. To 

have better thermal properties, lightweight aggregates described in (ASTM:C332-09 2009) can 

be used.    

 

2-5. Conclusion 

The development of new thermal-insulating material and elements was proposed to create a 

thermal-insulating enclosure around the BTES borefield, which will keep the heat inside the 

enclosure from escaping and increase the efficiency of the UTES systems. It is proposed that the 

walls of the borefield be insulated by modifying the soil’s thermal properties by using jet 

grouting technology and thermal-insulating grouts. The desired impact of the current research is 

that the efficiency of the UTES systems will be greatly improved, making these systems more 

desirable in many areas. The systems can capture heat at times where it is not needed, and 

harvest the energy when it is. This technology will reduce Canada’s reliance on fossil fuels and 

reduce its carbon footprint. 
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Table  2-1 Thermal energy storage projects in European countries (“Underground Thermal Energy Storage for 

Efficient Heating and Cooling of Buildings” 2013) 

 Belgium Denmark  Germany  Netherland  Spain  Sweden  United kingdom  

GSHP •• ••• •••• ••• • •••• •• 

ATES •• •• • •••• - ••• • 

BTES • - ••• •• - •••• • 

 • Few applications ••• Many applications 

 •• Some applications •••• Very many applications 

 

Table  2-2 Mixing proportions of experimental shotcrete (W. V. Liu 2013) 

Mix number P0 P25 P50 P75 P100 

Replacement percentage (%) 0 25 50 75 100 

Cement (kg/m3) 519.5 519.5 519.5 519.5 519.5 

Water/Cement 0.45 0.45 0.45 0.45 0.45 

Water(kg/m3) 233.8 233.8 233.8 233.8 233.8 

Sand (kg/m3)(Oven-dry) 1623.5 1217.6 811.7 405.9 0.0 

ELP (kg/m3)(Oven-dry) 0.0 17.3 34.6 52.0 69.3 

 

Table  2-3 Testing results of insulating shotcrete (W. V. Liu 2013) 

ELP replacement percentage 0 25 50 75 100 

Fresh concrete density (kg/m3) 2192.7 2101.2 1929.7 1698.0 1397.8 

Hardened density (kg/m3) 2303.0 2151.5 1989.9 1757.6 1444.4 

Oven-dry density (kg/m3) 2139.2 1974.6 1844.8 1525.3 1169.1 

1st day UCS (MPa) 12.32 11.35 11.80 10.98 7.71 

3rd day UCS (MPa) 27.31 22.19 22.41 16.40 11.50 

7th day UCS (MPa) 33.86 27.95 28.56 22.08 13.50 

28th day UCS (MPa) 43.78 40.70 32.96 22.64 16.87 

1st day STS (MPa) 1.46 1.28 1.49 1.46 1.32 

3rd day STS (MPa) 2.86 2.14 2.85 2.28 2.07 

7th day STS (MPa) 3.15 2.92 3.18 2.35 2.24 

28th day STS (MPa) 4.33 4.08 3.87 2.73 2.32 

Air-dry samples moisture content (%) 7.58 8.87 12.18 17.86 27.96 

Air-dry (48hrs) thermal conductivity  

(W/(m ∙ K)) 
2.5164 2.0696 1.7532 1.1565 0.6852 

Air-dry (48hrs) thermal diffusivity (mm2/s) 1.1562 0.8487 0.5587 0.4701 0.2682 

Air-dry (48hrs) volumetric heat capacity 

(MJ/(m3 ∙ K)) 
2.1764 2.4385 3.1378 2.4602 2.5544 

Oven-dry (48hrs) thermal conductivity  

(W/(m ∙ K)) 
1.8313 1.4450 1.1830 0.7351 0.3799 

Oven-dry (48hrs) thermal diffusivity (mm2/s) 0.9977 0.9363 0.6584 0.6141 0.3438 

Oven-dry (48hrs) volumetric heat capacity 

(MJ/(m3 ∙ K)) 
1.8354 1.5433 1.7968 1.1972 1.1050 
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Figure  2-1 The schematic of BTES system (Mcclenahan et al. 2006) 

 

 
Figure  2-2 Plan view of the borefield (Mcclenahan et al. 2006) 

 

 
Figure  2-3 A BTES borehole with a single U-tube (Mcclenahan et al. 2006) 
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Figure  2-4 Actual condition of BTES in DLSC project (DLSC 2015) 

 

 
Figure  2-5 Net annual thermal energy balance (Roppelt 2011) 
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Figure  2-6 Conceptual BTES system with thermal-insulating enclosure 
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Chapter 3 JET GROUTING 

 

 

 

 

 

 

 

This chapter discusses the basics and historical development of the jet grouting method. It also 

includes a literature review of all important jet grouting operational and soil parameters that 

affect soilcrete properties.  

The last part of the chapter presents a design approach of the jet grouting operation as well as 

some empirical and theoretical methods in order to understand and address the jet grouting 

process properly and predict the soilcrete properties. It is hoped that this will help the jet 

grouting specialists to use these methods to initially evaluate their projects. 
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3-1. Introduction 

Soft ground includes soils with a high amount of fine particles such as silt or clay with high 

moisture content, peat foundations, and loose sandy deposits near underground water tables 

(Kamon and Bergado 1992). In soft clay soils, undrained shear strength, Su, or unconfined 

compression strength (UCS), qu, is used to assess ground softness. Standard penetration test 

(SPT) N-values are used to assess ground consistency and its relative density (Bergado et al. 

1996). Since past two decades, soil modification techniques reached a new level of accuracy in 

geotechnical engineering, and are now systematically considered a solution to ground 

improvement, reinforcement, and treatment problems involving poor or unstable soil conditions 

or soft ground (Schaefer 1997).  

Today, instead of using expensive, deep foundations to remove or replace deep layers of fill or 

soft or loose soil, more economical in-situ ground improvement methods are used in most cases 

to mitigate undesirable conditions. Ground reinforcement methods can use structural benefits 

from the construction of elements in the ground without improvement of surrounding soil. 

Furthermore, soil treatment is accomplished by adding some non-soil material into the soil or 

subjecting it to different physical and mechanical situations to improve its properties. Some 

common additives are bentonite, fly ash, cement, sand, lime, or combinations thereof. Soil 

treatment methods are used to strengthen the soil, decrease the compressibility/swell potential, 

reduce permeability and heave/settlement, shorten construction times and costs, and assist in 

environmental mitigation efforts such as encapsulating waste material and groundwater 

(Schaefer 1997).  

For shallow applications, the in-situ soil can be excavated and mixed with the admixtures and 

placed at a project location using conventional earth-moving equipment; however for deep 

foundations, all admixtures are placed directly into the in-situ soil using specialized equipment 

such as jet grouting to form columnar or wall-shaped structures. The type of admixture used to 

treat the soil can be decided depending on the particular project, cost, improvement purposes, 

availability of admixture, site accessibility, and time of construction. The physical and 

mechanical characteristics of the soil must be well understood. These characteristics include 

grain size distribution, moisture content, plasticity, density, and strength. The characteristics of 

the admixture, similarly, must be well known.  
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3-2. Jet grouting 

Flowing water energy has a long history. Hydraulic energy was used to mine valuable deposits in 

ancient Egypt (Summers 1995). It was used during the Gold Rush in the 19
th

 century and in 

Japan in the 1960s to erode soil and create soil-cement elements. High pressure jets are widely 

used in industry, but most significantly in civil and mining engineering, where high velocity jets 

are used to cut in-situ soil structures for ground modification (Ji 2008).  

The development of jet grouting is well summarized by Kauschinger, Perry, and Hankour (1992) 

and Bruce (1994). In the early 1960s, the Yamakado brothers started to use water jets to cut the 

soil and mix it with cement. The chemical churning pile (CCP) method was developed by 

Nakanishi in early 1970s and was improved to the jumbo special grout (JSG) method. In the 

CCP method, chemical grout, which was later replaced with cement grout, was injected from 

nozzles placed at the bottom of a single monitor rod. During the jetting, the monitor was rotated 

to create a soilcrete. The only difference between CCP and JSG is that in the JSG method, 

compressed air is used as well as cement grout. The jet grout (JG) method was developed by 

Yahiro of the Kajima Corp in the early 1970s and later improved into the column jet grout (CJG) 

method. In both the JG and CJG methods, a triple fluid rod was used to deliver water, air, and 

cement grout fluids underground. In the JG method, the rod only moved in one direction without 

rotating. However, the rod was rotated in the CJG method during withdrawal to create soilcrete 

columns (Yahiro and Yoshida 1973; Ji 2008) Figure  3-1 illustrates the historical development of 

jet grouting.  

The jet grouting method uses high velocity hydraulic energy to erode soil. The excavated soil 

grains are removed from the borehole and replaced with reinforced material such as cement or 

grout to form a solidified in-situ element known as soilcrete. There has been widespread 

discussion that jet grouting is simply a high pressure grouting system. This description is 

incorrect, although grouting fluid or water is forced through a small nozzle by using high 

pressure pumps to create high velocity energy to overcome the soil strength and erode it 

(Schaefer 1997). Jet grouting provides huge advantages over other ground treatment and 

reinforcement methods. It can be used on a wide range of soil types and ground conditions for 

different mining and civil engineering applications, including sensitive projects that require high 

quality control and personal safety (Figure  3-2 and Figure  3-3). Other advantages of the method 

are that soilcrete properties such as strength, permeability, and/or thermal conductivity can be 
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designed; there are no harmful vibrations; it can be used in limited working spaces; it is reliable; 

it is relatively less costly; it is quick; it is very effective for underpinning buried active utilities; it 

is insensitive to soils with low permeability such as those that contain a high percentage of clay; 

there is less danger of the soil fracturing or heaving because the jetting ambiance is open to 

atmosphere via borehole annulus; it uses an automated implementation process; it is easy to 

install; it can be done from horizontal to vertical directions; it is able to bypass obstacles and 

buried utility lines; it increases the lateral compaction of the surrounding soil; it increases the 

frictional resistance of the surrounding soil and soilcrete column; it reduces permeability; it 

controls the depth of installation; all work is done in-situ from the surface; and it results in 

minimum settlement which means it will not disturb nearby historic or sensitive structures 

(Vardar et al. 2005; Plescan and Rotaru 2010; “Difficult Foundation Problems Solved by Jet 

Grouting”; Brill, Burke, and Ringen 2003). 

Jet grouting has been used in various applications such as slope stabilization, ground water 

cutoff, soil bearing capacity increase, underground structures support, soil liquefaction 

prevention, and permeability decrease (JJGA 2005). It is a suitable substitution for common 

ground modification methods such as chemical injection, trenching, piling systems, and using 

compressed air with a freezing method in tunnel building. It can be used to create a watertight 

diaphragm, stabilize excavation and gradients, construct a retaining wall, establish piles, and 

stabilize walls and tunnel fronts. Figure  3-4 illustrates a comparison of jet grouting and 

conventional low pressure grouting methods which have been used in ground improvement; 

however the usage of conventional grouting is limited to restricted soils with certain void and 

pore spaces where the soil structure remains unchanged (Foundations 2012). A list of jet 

grouting main applications appears below and is shown in Figure  3-5 and Figure  3-6, and 

Appendix  3-1 and Appendix  3-2 (B Nikbakhtan 2007; B. Nikbakhtan, Aghababaei, and 

Pourrahimian 2007; B. Nikbakhtan and Ahangari 2010; B. Nikbakhtan, Apel, and Ahangari 

2014a; B. Nikbakhtan, Apel, and Ahangari 2014b; B Nikbakhtan et al. 2009; B Nikbakhtan, 

Ahangari, and Rahmani 2010; B Nikbakhtan and Ghoshtasbi 2008; B Nikbakhtan and Osanloo 

2009; B Nikbakhtan and Pourrahimian 2006; B Nikbakhtan and Pourrahimian 2007; B 

Nikbakhtan, Pourrahimian, and Aghababaei 2007a; B Nikbakhtan, Pourrahimian, and 

Aghababaei 2007b; Babak Nikbakhtan and Nikbakhtan 2008; S. Nikbakhtan, Nikbakhtan, and 

Rahmani 2008; Houlsby 1990; I. K. Mihalis 1999; R. Essler and Yoshida 2004).  
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Groundwater control: flow prevention either into the base of excavation or the sides of it, ground 

water control during tunneling, and reducing or preventing water seepage through dams. 

 

Movement control: stabilization of ground and prevention of structure movement during 

excavation or tunneling, supporting roof and sides of tunnel during excavation and in the long 

term after construction, and increasing the bearing capacity of piles and walls to withstand 

against the lateral movement. 

 

Support: underpinning buildings, ground improvement, converting weak material to high 

strength material, and transferring foundation load from weak material to competent material. 

 

Environmental: creating lateral and vertical walls to prevent contaminant material flow.  

 

Jet grouting offers great flexibility for working conditions in selected intervals of soil layers or at 

very great depths. This flexibility is possible because of the creation of small boreholes that go 

from horizontal to vertical with minimum disturbance to sensitive structures. Such flexibility 

makes jet grouting an ideal ground improvement/reinforcement/treatment method in urban areas 

(Ji 2008) and has led to its increased use over the past decade (Alsayyedahmad 1992).  

 

3-3. Definition of terms 

Some important terms pertaining to jet grouting equipment and procedure are defined as follows 

(ASCE 2009; BSEN12716:2001 2001): 

 

“Jet grouting: an in-situ injection technique employed with specialized equipment that includes 

grout pump(s), grout mixer, drill rig, drill rods and injection monitor with horizontal radial 

nozzles delivering high velocity fluids to erode, mix, and stabilize in-situ soils using engineered 

grout slurry.   

 

Horizontal jet grouting: Treatment performed from horizontal or sub-horizontal borehole (within 

+/- 20 degrees of the horizontal plane).  
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Jet grouting rig: rotary rig able to automatically regulate the rotation and translation of the jet 

grouting string and tool. 

 

Jet grouting string: jointed rods, with single, double or triple inner conduits which convey the jet 

grouting fluid(s) to the monitor. 

 

Monitor: a single, double, or triple fluid drill pipe attached to the end of a drilling string and 

designed to deliver one to three elements of the jet grouting process, typically air, water, and 

grout. The monitor has one or more injection points (nozzles).   

 

Nozzle: a specially manufactured device fitted into the monitor and designed to transform the 

high pressure fluid flow in the string into the high speed jet directed at the soil. 

 

Soil-cement (Soilcrete): mixture of grout slurry and in-situ soils formed by the jet grouting 

process. 

 

Jet grouting operational parameters: pressure of the fluid(s) within the jet grouting string, flow 

rate of the fluid(s), grout composition, rotational speed of the jet grouting string, and rate of 

withdrawal or insertion of the jet grouting string. 

 

Pre-jetting, pre-cutting, or pre-washing: the method by which the jet grouting of an element is 

facilitated by a preliminary disaggregation phase consisting of jetting with water and/or other 

fluids. 

 

Radius of influence: effective distance of disaggregation of soil by the jet, measured from the 

axis of the monitor. 

 

Spoil return: all materials including but not limited to liquids, semi-solids, and solids, which are 

discharged via the annulus of the jet grouting borehole above the ground surface as a result of jet 

grouting.” 
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3-4. Jet grouting construction process 

Generally all jet grouting systems have the same construction procedure. First, the equipment is 

set up on location with a designated drilling angle. Then, a borehole with a diameter of 100 to 

150 millimeters is drilled to the bottom of the designated depth using rotary methods (Schaefer 

1997). Mud or casing can be used to stabilize the borehole wall during drilling. Other methods 

can also be used to overcome the drilling difficulties. These methods include pre-drilling, 

injecting high flow and/or high pressure drill fluid, and attaching a Down-The-Hole hammer 

beneath the monitor (Schaefer 1997). If casing is used, there must be a sufficient distance 

between the bottom of the casing and nozzles so that the casing does not interfere with the jet 

grouting process (Ji 2008). After drilling, the monitor is lowered to the bottom of the borehole, 

where jet grouting starts. During jet grouting, the monitor is lifted up and, if required, rotated 

uniformly to the designated depth (Schaefer 1997) (Figure  3-7). Figure  3-8 illustrates jet 

grouting’s ability to build different geometries of soilcrete columns based the need and the 

system used (Schaefer 1997; HBI 2004).  

Usually, the borehole diameter is larger than the monitor. The annular space between the monitor 

and borehole is used to return spoil (or excavated) material to the ground surface. Spoil material 

flow-out should be smooth and continuous during the jetting to prevent excessive pressure 

buildup. Otherwise, uplift velocity will not be great enough to exhaust these particles to the 

ground surface and annulus plugging can happen. Annulus plugging will act as passive pressure 

against the soil and may cause ground hydrofracturing, poor soilcrete quality and geometry, 

and/or ground surface heaving (Schaefer 1997; Ji 2008). Different soils have different erodibility 

(Figure  3-9). For instance, cohesionless soils are easy to cut and erode since they have moisture 

only as a binder, whereas clays are difficult to erode since they have cohesion. Therefore, they 

are generally eroded in chunk pieces which are larger than the size of a grain of sand. Different 

techniques can be used to improve the spoil material retune. These techniques include casing the 

borehole to decrease friction between the spoil material and borehole, using a multi-direction set 

of nozzles, pre-cutting, injecting air to lift up the slurry material, and/or making multiple cutting 

lifts (Brill, Burke, and Ringen 2003; Schaefer 1997).  
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3-5. Jet grouting systems  

Jet grouting has two different forms: mix in-place, and excavation/replacement. The forms can 

be made using three jet grouting systems (single fluid, double fluid, and triple fluid) based on the 

number of the fluids used in process. The operational parameters vary with the jet grouting 

systems and consequently the soilcrete properties are different in each system (HBI et al. 1994) 

(Table  3-1). The definition of each system is provided in the following sections (Alsayyedahmad 

1992; HBI 2004; Ji 2008).  

 

3.5.1. Single fluid system, F1  

This system is the simplest. It was introduced by Yahiro in the early 1970’s. Only one fluid, such 

as grout, is injected into the soil structure with high pressure (Figure  3-10). The injected high 

velocity grout slurry approximately 200 m/sec (650 ft/sec) partially erodes the soil structure and 

mixes with coarser material while the finer materials are washed out of the borehole during 

monitor withdrawal. This system is not very effective in cohesive soils. The soilcrete diameter 

can reach 0.6 to 1.2 meter in gravelly soils. In loose, silty, and sandy soils larger diameters can 

be reached. The most important applications of this system are cutoff walls in porous soil, soil 

consolidation for the tunnel roof, and bottom bracing for deep trenches in soft soils, anchors, and 

sealing applications.  

 

3.5.2. Double fluid system, F2  

This method represents a major improvement in the single fluid system by introducing a 

shrouded-air jet around the grout (Figure  3-11). Two coaxial conduits are used. These were 

introduced by Yahiro in the early 1970s. The inside conduit is grout while the space between the 

conduits is air, which encircles the grout in order to separate the grout from the slurry and keep 

the soil from falling into the jet stream. This will increase the cutting distance and therefore 

increase the soilcrete diameter. The presence of the air also helps the airlifting process of the 

spoil material return; however, this will cause the soilcrete to have a high air content, which will 

decrease its strength. Grout is both the cutting and mixing medium. This system is more effective 

than the single fluid system in cohesive soils. The most important applications of this method are 

in soil stabilization, underpinning, panel cutoff walls, and bottom bracing for deep trenches in 

soft soils.  
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3.5.3. Triple fluid system, F3  

This system is the most complicated and uses three tubes to carry water, grout, and air, 

separately (Figure  3-12). It was used for the first time by (Yahiro and Yoshida 1973). A high 

pressure water jet with a velocity of up to 300 m/s and a coaxial air jet are used to totally break 

up the soil structure at an upper elevation and wash out the finer material up to the ground 

surface. At the same time, low pressure grout is replaced with soil material at lower elevations 

after soil erosion. In this method, more soils are excavated and full replacement of soil with grout 

is possible (HBI et al. 1994). The soilcrete diameter in this system is larger than other methods 

(Table  3-1). This method is the most effective for cohesive soils. It is more controllable and safer 

for sensitive structures than the single fluid system (Brill, Burke, and Ringen 2003). The 

applications are in underpinning and excavation support, horizontal slab/ground water control, 

panel cutoff walls, sealing applications, and most fine-grained soil stabilization.   

When the triple fluid system is used for excavation and replacement, most of the soil is replaced 

with cementations material and mixed with the remaining soil. In other words, triple fluid jet 

grouting is a partial soil replacement technique with cementations material, in which the primary 

aspect is to modify engineering properties of the soil such as decreasing permeability and 

thermal conductivity, and increasing strength (Alsayyedahmad 1992). The parameters that 

should be assigned in a single fluid system are grout pressure and flow rate, number and 

dimensions of grout nozzles, water/cement ratio, withdrawal, and rotational speed. In the double 

fluid system, in addition to single fluid parameters, it is necessary to assign the air pressure and 

flow rate, and number and dimension of air nozzles. In the triple fluid system, in addition to 

single and double fluid parameters, it is necessary to assign water pressure and flow rate, and the 

number and dimension of water nozzles (HBI et al. 1994).  

Yahiro et al. (1975) have studied the advantages of the triple fluid jet grouting system over other 

systems. In their study, they explained the difference between water jet and water-air jet cutting 

efficiency and the description of the cutoff wall construction. They also introduced other useful 

applications for the triple fluid system (Appendix  3-3). They concluded that the cutting action of 

the water-air jet in the soil is related to the complicated function of many parameters of the soil 

and water-air jet. They also reported that the axial dynamic pressure of water is the most 

important parameter, which controls the water-air jet’s ability to cut the soil. Increasing the 

encircled air pressure around the water jet can increase the cutting efficiency. Table  3-2 



30 

 

illustrates the necessary equipment for the triple fluid jet grouting system. The results from 

Yahiro et al. (1975) showed that constructing cut-off walls to prevent groundwater flow in sand, 

clay, and silt layers was almost completely effective; in transitional areas between consolidated 

and unconsolidated soils, the effect was good; and in sandy-gravel soils, the effect was not so 

good. It is important to note that, the permeability of soilcrete decreased from 1/100 to 1/10,000 

to its original value depending on different soil types (Alsayyedahmad 1992).  

Yahiro, Yoshida, and Nishi (1982) have divided the mechanism of ground improvement into 

three categories of reduction of buoyancy by dewatering, vibration, and consolidation. Based on 

their research, they concluded that these mechanisms might not always solve ground 

improvement problems, and that the triple fluid jet grouting system is better able to solve such 

problems (Appendix  3-4). 

 

3.5.4. Recent developments of jet grouting systems 

Over time, the jet grouting technique has been improved to overcome different field difficulties. 

Some of the improvements are discussed in the following sections (Table  3-3) (Schaefer 1997; 

HBI 2004; Ji 2008; X-Jet 2002; Superjet 2004).  

 

3.5.4.1. Super soil stabilization management method 

Miki and Nakanishi (1984) developed a new jet grouting method, the super soil stabilization 

management method (SSS-MAN-Method). Construction steps and a comparison to different jet 

grouting systems are shown in Appendix  3-5 and Appendix  3-6. In this method, after drilling a 

hole to the specified depth, the rotary water jet is lowered to the bottom of the hole and cuts the 

surrounding soil. The soil is removed through the withdrawal of the monitor, leaving a large 

space. The dimension is measured by supersonic wave techniques, after which the space is filled 

with grout. The authors were able to produce columns that were four meters and 2.5 meters in 

diameter in sandy and clayey soils, respectively.  

 

3.5.4.2. Sacrificial casing 

In this method a pre-installed thin wall PVC casing is used to aid in controlling spoil return 

(Viner and Wooden 1990). The PVC casing is weakly grouted in a pre-drilled hole.  During jet 



31 

 

grouting, the PVC casing is blasted into small pieces by a cutting jet while acting as a stable 

borehole to help to ease spoil return.  

 

3.5.4.3. Super jet grouting  

This method was developed by Yoshida in the early 1990s and is used in soft soils where soil 

stabilization is necessary (Figure  3-13). It was modified from the double fluid system, and uses a 

triple fluid system rod. Erosion energy is boosted by increasing the grout velocity. The system is 

used not only for grouting but also for drilling. The water jet is first injected as drilling fluid 

while the monitor is lowered. After the designated depth is reached, the water jet injection is 

stopped and the grout jet shrouded with air is injected while the monitor is lifted (Ji 2008). This 

method uses opposing nozzles with a high sophisticated jetting monitor. Using a very slow 

rotation and lifting speed, the diameter of soilcrete can reach three to 5.5 meters (Figure  3-14 and 

Figure  3-15). This method is more effective for mass stabilization of soil and can be used in the 

following applications: horizontal slab/ground water control, stabilization of liquefiable strata, 

panel cutoff walls, structural support across excavation walls, and stabilization of soft soil for 

microtunneling (HBI 2004). This development of this method is regarded as the most significant 

advancement of the jet grouting technique (Brill, Burke, and Ringen 2003). 

 

3.5.4.4. Super-midi jet grouting 

This method is a small version of super jet grouting. Unlike super jet grouting, the system uses a 

double fluid monitor. It is self-drilling and does not need any other equipment for drilling. It is 

used when super jet grouting is not available due to space constraints. The grout flow rate in 

super jet grouting and super-midi jet grouting is 50 to 80% more than that in the double fluid jet 

grouting system (Boehm and Posey 2003).  

 

3.5.4.5. Cross jetting (X-Jet) 

This method was developed to allow for better control of soilcrete’s quality and geometry (M. 

Shibazaki, Yoshida, and Matsumoto 1996). Figure  3-16 and Figure  3-17 illustrate the schematics 

of the X-Jet grouting system and formed soilcrete columns, respectively. A pair of water/air 

nozzles is designed to intersect at a designated point at which the fluid energy dissipates quickly. 

With a slow withdrawal and rotational rate, a controlled shape of soilcrete is eroded 
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(Figure  3-18). The grouting material is injected at the lower depth of the crossing nozzles (Ji 

2008).  

 

3-6. Current methods to evaluate jet grouting operations  

Although jet grouting has been very useful in civil engineering and in the mining industry, from 

the geotechnical and ground modification perspective, the understanding of the process is very 

limited because of its complex and underground operations. There is great uncertainty regarding 

soilcrete creation and its engineering properties. It is difficult to predict or precisely control the 

quality of soilcrete.  

Soilcrete’s structural, physical, mechanical, and/or thermal properties may change for many 

reasons along the axis (Flora, Lignola, and Manfredi 2007). For instance,  in vertical jet grouting 

with a given jet energy (i.e., constant jet grouting operational parameters), the soilcrete diameter 

decreases as the soil strength and depth increase (P Croce and Flora 2000; HBI et al. 1994). In 

the same manner, for any given grout pressure and withdrawal rate, jet grouted volume and 

consequently soilcrete diameter decrease as the clay content increases (D. a. Bruce, 1994). 

Depending on the soil type, the variation can differ. Another variation may occur when soil 

properties change suddenly along the jet grouting axis (Figure  3-4). For instance, the variation 

can be critical when soil properties change from soft layers to a harder matrix, which will cause a 

sharp reduction in the soilcrete diameter. Poh and Wong (2001) reported trial jet grouting 

experiment results showing that using the same jet grouting operational parameters (or the same 

jetting energy) along two different soft-to-medium stiff marine clay layers failed to form the 

soilcrete columns in the medium layer. Hence, another set of operational parameters with more 

jetting energy per unit lift of monitor should be used to form proper soilcrete columns in a 

medium stiff clayey layer. Paolo Croce et al. (2004) have shown that unit weight and UCS 

increase with depth. Meyers et al. (2003) theoretically calculated that the UCS of soilcrete is 

3,500 kPa. However, after testing, many of the samples failed at the strength below the required 

minimum value, which indicates that using only the developed equations may not be enough to 

predict various soilcrete properties. Soilcrete properties vary along the radius of the soilcrete and 

these variations are very difficult to understand. In small diameter soilcretes, such as one-meter 

column, these variations are negligible, but in large diameter soilcretes ranging from two to three 

meters, these variations should be properly addressed.  
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The degree of success in a jet grouting operation from the perspective of soilcrete structural, 

physical, mechanical, and/or thermal properties depends significantly on the soil characteristics 

and jet grouting operating parameters. These parameters can make the soilcrete body 

heterogeneous instead of perfectly cylindrical with the same particular properties along the axis 

and/or radius. These uncertainties will increase the overall cost of the project and might limit the 

use of jet grouting in many cases (Ji 2008; Flora, Lignola, and Manfredi 2007). This issue, 

together with the lack of precise knowledge about the effect of depth on the properties of the 

soilcrete, leads to designs that are either over-conservative or unsafe. However, geotechnical 

companies must understand the jet grouting process and ensure the success of the operation.  

Although increasing knowledge about the jet grouting technique over the past decades has made 

it easier to choose appropriate systems to complete particular project goals, only experienced 

specialists can decide what type of system should be used to produce a particular type of 

soilcrete (Schaefer 1997). It is important, but also complicated, to estimate the operational 

parameters to produce a particular soilcrete. The influence of these parameters and soil properties 

on the soilcrete properties is still not clear (Li and Hu 2010). The process is less complicated if a 

project was done using the same jet grouting system at a jobsite with the same geotechnical 

properties. In such cases, it is possible to empirically estimate some operational parameters from 

past projects (Schaefer 1997; B. Nikbakhtan, Apel, and Ahangari 2014a; B. Nikbakhtan, Apel, 

and Ahangari 2014b; B. Nikbakhtan and Ahangari 2010; B Nikbakhtan and Osanloo 2009). 

However, for the new projects with different jet grouting systems, soil types, and goals, the 

uncertainty remains. A common way to determine soilcrete properties with different operational 

parameters is to perform in-situ trial jet grouting in a temporary jobsite with the same 

geotechnical soil properties as the main jobsite. This is called Quality Assurance. During the in-

situ trial stage, jet grouting is done on several columns in a field that has the same soil type as the 

main jobsite. Various operational parameters are used in this stage. The test columns are dug out 

after several days and their particular properties, based on the project goals, are measured. 

Finally, based on the in-situ trial test results, the actual operational parameters are suggested to 

reach the desired soilcrete properties at the main jobsite. The trial jet grouting can be used to 

verify many considerations based on the project purposes. These considerations include 

measuring the effectiveness of the system in achieving the specified criteria; measuring the 

treatment effectiveness in terms of physical, mechanical, and/or thermal properties of the 
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soilcrete; providing information about operational parameters to achieve a specific column 

diameter; monitoring ground movement caused by jet grouting; investigating effective ways to 

prevent grout intrusion to adjacent utilities and structures; measuring the effectiveness of spoil 

material return; investigating noise and vibration emissions within the ground and adjacent 

structures; and providing valuable information about the operation costs (“Victoria Station 

Upgrade Supplementary Environmental Statement: Technical Appendix G – Jet Grouting Trials 

Report” 2008; Collotta, Frediani, and Manassero 2004).  

Many researchers have attempted to extract empirical relationships from trial test results to 

predict the soilcrete properties at the main jobsite. In the main jobsite, after determining the 

operational parameters, all parameters should be consistent and controlled during jet grouting in 

a particular section. Then, the quality of the soilcrete must be controlled through direct and 

indirect in-situ measurements at the main jobsite. This process is called Quality Control (B 

Nikbakhtan, Ahangari, and Rahmani 2010). The quality control measurements can vary relative 

to the particular goals of projects. Table  3-4 illustrates the sampling and testing methods of 

soilcrete properties for different goals. In many cases, the operational parameters must be 

optimized based on the results of quality control measurements. Some novel quality control 

techniques of the soilcrete diameter are discussed in the following section.  

Passlick and Doerendahl (2006) suggested a new quality control method using a hydraulic 

mechanical device to measure the soilcrete diameter at the main job site. This method has been 

able to mechanically measure the diameter of 2.6 meters at a depth of 37 meters (Figure  3-19). 

Gemmi et al. (2003) proposed using an electrotomography investigation, one of many types of 

geophysical investigations, to evaluate the effectiveness and quality of jet grouting work in 

underpinning projects. They also explained that the reliability of the method can be variable 

based on the distance of electrodes from the soilcrete. Schorr et al. (2007) proposed using a 

wave-based analysis approach to measure the soilcrete column diameter in combination with the 

trial method. A. Malinin et al. (2010) proposed another mechanical way to measure the soilcrete 

diameter after the jet grouting but before the hardening of the soilcrete (Figure  3-20). This device 

is limited to measuring the diameter of soilcrete only to a depth of one meter. Another limitation 

with the device is that if the soil type is not clay, it is difficult to recognize the soilcrete boundary 

with in-situ soil.  
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3-7. Important parameters in jet grouting  

The most important soilcrete properties when designing and evaluating a jet grouting operation 

are structural, physical, mechanical, and thermal. These include diameter, permeability, strength, 

and heat conductivity. By being able to determine the diameter of soilcrete, the number of 

required columns and their spacing for activities such as cut-off walls, soil improvement and 

slope stability can be calculated, and the volume of required grout can be estimated. In the same 

manner, by being able to calculate the strength of the soilcrete, the number of columns for 

applications such as excavation support, underpinning, and ground reinforcement can be 

calculated. By being able to calculate the thermal and permeability properties of the soilcrete, the 

number of columns and their spacing/overlapping can be estimated, and the improvement 

percent can be calculated at the design stage. 

Theoretically, parameters affecting soilcrete properties are jet grouting operational parameters, 

geotechnical specifications of the soil, and grout type. These parameters are discussed in the 

following sections. Bergado et al. 1996 stated that the most important parameters affecting the 

design of jet grouting are soil type, mixture influx between soil and grout, existing jet energy 

from the nozzle, grout flow rate, rotating speed and lifting speed. Yahiro et al. (1982) carried out 

research to investigate the way in which these parameters affect the diameter and strength of 

soilcrete in the field (Table  3-5). Results showed that it is possible to achieve a maximum 

soilcrete diameter of 3.5 meters and 2.5 meters in sandy soils and clay soils, respectively. They 

also noted that even if the in-situ soil had SPT test N-values less than 10 blows ft⁄ , the soilcrete 

produced a strength of 30 (2942) to 50 (4903) kg cm2 (kPa)⁄  and 13 (1275) to 50 (4903)  

kg cm2 (kPa)⁄  in sandy and clay soils, respectively (Alsayyedahmad 1992). Carter and Webber 

(2007) mentioned that soilcrete properties are influenced by pressure, nozzle diameter, grout 

density, grout internal friction/cohesion, and nozzle flow turbulence. All affect the total energy 

transferred to erode the soil. The density of the grout/soil mixture; the cohesive strength of the 

soil, rocks and debris; and the rate of movement of the jet through the soil also affect the volume 

of soil influenced by the jet. Regarding the main soil properties which affect the soilcrete, 

various suggestions have been made. The conclusion is that the following three soil variables 

influence soilcrete diameter: grading, relative density, and undrained shear strength (P Croce and 

Flora 2000). Nikbakhtan and Ahangari (2010) stated that soilcrete strength and diameter depend 

on jet grouting parameters such as grout pressure, withdrawal and rotational speed, number and 
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diameter of nozzles, water to cement (w/c) ratio, and in-situ soil properties. B. Nikbakhtan et al. 

(2014a), (2014b) divided those important parameters into two main categories. The first group 

includes grout density and operational parameters of the jet grouting system, such as water 

pressure, grout pressure, air pressure, lifting speed, and rotating speed. The second group 

includes geotechnical properties of the in-situ soil, such as soil permeability, cohesion, soil 

conductivity and soil groutability ratio. B. Nikbakhtan et al. (2014a), (2014b) also explained that 

water, grout, and air pressure and the soil permeability coefficient, soil conductivity coefficient, 

and groutability rate directly impact the soilcrete column diameter. Other parameters such as 

lifting speed, rotating speed, grout density and cohesion have a reverse relationship relative to 

soilcrete diameter changes. 

The dependency of soilcrete properties on an extensive number of operational parameters and 

soil characteristics makes trial jet grouting necessary to achieve optimized soilcrete and 

operation results (Warner 2004). So far, many research projects have been carried out to 

understand the effect of important operational parameters and soil geotechnical characteristics on 

soilcrete properties. However, most of the studies have focused on predicting mainly soilcrete 

diameter and, sometimes, its mechanical properties such as UCS. Very few attempts have been 

made to study the thermal properties of soilcrete. It is clear that although the effect of the 

different parameters can be the same in different soil conditions, the actual numeric results can 

be totally different. Based on the author’s knowledge, no project was designed based on other 

previous project results, even if projects had similar soil properties. However, empirical 

relationships can give an initial idea about soilcrete properties. Table  3-6 summarizes all 

previous well-documented jet grouting literature. The following sections summarize the effect of 

different parameters on soilcrete properties and all empirical relationships to calculate soilcrete 

diameter, strength, composition, and the specific energy of the jet grouting system. 

 

3-8. Effect of different parameters on soilcrete diameter  

3.8.1. Nozzles, rotating and lifting speed 

Nozzles are the most important parts of the jet grouting procedure. Their shape, dimension and 

accuracy can influence the quality of the soilcrete. Generally, nozzle design is based on Leach 

and Walker (1966) for rock cutting using a water jet in air (Chu Eu Ho 2005). Figure  3-21 (a) 

shows the effect of the narrowing angle of the nozzles on the dynamic pressure of the jet. The 
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narrowing angle of 13 degrees provides the best performance. Figure  3-21 (b) shows that for a 

fixed cone angle of 13 degrees, the best performance of the jetting can be achieved when a 

certain straight portion of the nozzle is three times at which the nozzle diameter at its exit. For jet 

grouting applications, Mitsuhiro Shibazaki (2003) recommended that a nozzle with a narrowing 

angle of 13 degrees and a certain straight portion of 2.5 to 3 times the diameter provides the best 

performance (Figure  3-22 and Figure  3-23). Nozzles should also be accurately finished from 

inside, outside, and the exit point to be able to create a focused jet to erode the soil (Mitsuhiro 

Shibazaki 2003).  

H. Yoshida et al. (1991) studied the effect of the number of nozzles (Np) and rotational speed 

(Rs) on cutting distance using a silty sand soil with NSPT 3 to 6 blows per 300 millimeters. 

Figure  3-24 and Figure  3-25 show that for a given jetting energy, the cutting distance increases 

with the number of jet nozzles and decreases when the jet rotational speed increases. Figure  3-24 

also shows that 10 passes is the optimum number of nozzles, and after that the increasing rate of 

cutting distance diminishes. H. Yoshida et al. (1991) also emphasized that to have the minimum 

number of passes (Np) within a given lifting step (Δz), the withdrawal rate (vt) has to be selected 

in such a way that the duration of jetting (Δt) is matched with the rotational speed (Rs), i.e., 

∆t = Np/Rs = ∆z/vt (Chu Eu Ho 2005). M. Shibazaki et al. (1996) also suggested that to reach 

an optimal cutting, operational parameters should be designed based on the rotational speed of 

10 rpm with impact frequency limited to within 10 passes.  

The optimal repetition frequency of the eroding jet is shown in Figure  3-26, based on 

experimental results. It is clear that frequency in excess of five increases the column’s diameter. 

Figure  3-27 illustrates two different steady and incremental withdrawal (or lifting) methods. 

With steady withdrawal, it is not possible to withdraw the jetting rod in steps to provide enough 

time for rotation. Based on experimental results, a five-centimeter lift for up to two meters in 

diameter and a 10 centimeter lift for more than four meters in diameter have been suggested as 

optional increments (R. Essler and Yoshida 2004).  

M. Shibazaki et al. (1996) carried out a field test in silty sand (NSPT 10 to 15 blows per 300 

millimeters) to demonstrate the relationship between pullout time (the time of jetting required for 

soil cutting in each lift step) and soilcrete diameter. The results Figure  3-28 show that in the 

maximum duration (t = t0), the largest column diameter with an average diameter 5.7 meters 

can be obtained. In each lifting step of ∆z, the time ∆t for cutting the soil can be calculated 
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by ∆t = ∆z/vt, where vt is the withdrawal rate of the monitor. A. Malinin et al. (2010) carried 

out experimental jet grouting research on three different soils: cohesive soil, non-cohesive soil, 

and soil with low cohesion. The results show that when the rod-lifting time increases, so does the 

soilcrete diameter (Figure  3-29).  Also, when the rotational rate of  a particular speed increases, 

so does the diameter of the soilcrete; however, after that speed, the diameter decreases when the 

rotational rate increases (Figure  3-30).  

 

3.8.2. Jetting pressure and flow rate 

Pressure and flow rate control jetting energy and jetting energy controls different properties of 

the soilcrete such as diameter (Ji 2008; Kauschinger, Perry, and Hankour 1992). The withdrawal 

rate, rotational speed and number of the nozzles determine the exposure time of the soil being 

eroded (Brill, Burke, and Ringen 2003; Ji 2008). Increasing the pressure up to a practical limit of 

60 MPa can increase the soilcrete diameter (Mussger, Koinig, and Reischl 1987); however, to 

erode the soil, dynamic jetting energy must be greater than a critical pressure, which is equal to 

soil compressive strength (Brill, Burke, and Ringen 2003). If the jetting energy is lower than the 

critical energy, the exposure time of the jetting can still increase the erosion distance to a limit 

(S. N. P. Coulter 2004). Mitsuhiro Shibazaki (2003) reported that at more than five repetitions of 

rotation, the diameter did not increase significantly on loose sands.   

During jet grouting, the eroding distance radically increases as the water jet pressure exceeds the 

UCS of the soil. The relationship between the eroding distance and water jet pressure is shown in 

Figure  3-31 and Figure  3-32. It is possible to erode the same distance with lower pressure but a 

long period of jet exposure on the soil face will be needed (R. Essler and Yoshida 2004).  

The water jet eroding distance varies among different media. Figure  3-33 illustrates the eroding 

distance of a water jet in air, water, and water with shrouded-air. The figure shows that the air 

shroud around the water jet increases the eroding distance. However, to increase this 

effectivness, the air shroud velocity should be higher than half the sonic velocity to ensure the 

thickness of one milimeter (Tinoco 2012; R. Essler and Yoshida 2004).  

Yahiro and Yoshida (1973) evaluated several factors influencing the cutting distance efficiency 

of jet grouting in different soil types to compare the capability of a high pressure water jet in a 

triple fluid system with a grout jet in a single fluid system. The results show that the triple fluid 

system is more efficient and capable of cutting in sand, silt, and soft rock. Yahiro and Yoshida 
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(1973) investigated the effect of the air jet surrounding the water jet in the triple fluid jet 

grouting system. The result is presented in Figure  3-34. Their research showed that compared to 

the original soil, the compressive strength and permeability of the soilcrete increases and 

decreases, respectively (Alsayyedahmad 1992). Figure  3-35 shows the effect of the shrouded-air 

flow rate and dynamic pressure with the eroding distance. The relationship between grout 

pressure and soilcrete diameter in two different soft clay and sandy soils is shown in Figure  3-36. 

 

3.8.3. Soil properties 

The grading, relative density, and undrained shear strength (Su) of soil can influence the soilcrete 

diameter (P Croce and Flora 2000). Relative density can be estimated by an SPT blow count (N). 

Some publications have indicated that the diameter decreases with decreasing soil grain size 

(Figure  3-37) (Bell 1993; Botto 1985) and increasing N and Su (Figure  3-38 and Figure  3-39) 

(Miki and Nakanishi 1984; Tornaghi 1989).  

Figure  3-43 illustrates the relationship between the soilcrete column and soil Nspt value as a 

fuction of the jet grouting systems. Figure  3-40 shows the relationship between the soilcrete 

diameter and soil Nspt value as a function of the different soil types and jet grouting systems.  

 

3-9. Jet grouting operation design procedure  

Figure  3-41 presents an overall procedure of the jet grouting operation design and 

implementation. It is important to understand the soilcrete properties before formulating hand-

mixed soilcrete in a laboratory. This can be achieved by reviewing a comprehensive literature 

report of different theoretical and empirical relationships derived to calculate soilcrete properties. 

The design procedure of the jet grouting operation, as well as different methods to calculate 

soilcrete properties and jet grouting operational parameters, are discussed in the following 

section. It is hoped that this may help jet grouting specialists to use these methods to initially 

evaluate their projects.  

 

1) Figure  3-2 and Figure  3-3 can be used to give an idea about how jet grouting performs 

compared to other grouting methods in different soil types. It is clear that jet grouting is 

the best option in silt and clay soils.  
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2) To select which jet grouting system is suitable for a particular project, it is important to 

take into account the primary factors: soil properties and the main goal of jet grouting 

operations. Each system has its own advantages and disadvantages and each system 

should be used based on the project requirements and ability of the system. The main 

aspects of each system, including their main operation parameters, advantages, and 

soilcrete properties, are presented in Table  3-1, Table  3-3, Table  3-7, Table  3-8, and 

Figure  3-42. Figure  3-43 and Table  3-1 give estimates about soilcrete strength and its 

diameter in different jet grouting systems.  

 

3) Different operational parameters and soil types may affect the soilcrete diameter and 

strength. Table  3-5 presents the effect of operational parameters on the diameter and 

strength of the soilcrete in both sandy and clay soils. Figure  3-21 to Figure  3-40 and 

Figure  3-42 and Figure  3-43 present the effect of jet grouting operational parameters, 

nozzle configuration, and soil properties on soilcrete diameter. Figure  3-44 through 

Figure  3-46 and Table  3-9 and Table  3-10 present different soilcrete strength values in 

different soil types.  

 

4) Based on jet grouting operational parameters and soil properties, the different theoretical 

and empirical methods described in following three sections ( 3.9.1,  3.9.2, and  3.9.3) 

should be used to calculate soilcrete diameter, strength, and composition relative to 

particular project goals.  

 

5) Laboratory formulation experiments should be conducted with hand-mixed soilcrete 

samples to verify the values estimated by theoretical and empirical relationships.  

 

6) Trial jet grouting test columns should be implemented in the field or by using a 

laboratory setup to validate hand-mixed experiment results from the laboratory and 

estimate operational parameter values for the main jet grouting operation in the field. 

 

7) During the main jet grouting operation in the field, all operational parameters must be 

controlled and monitored. Also, different types of tests must be conducted on the 
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soilcrete to identify the properties during jet grouting and after the soilcrete has hardened, 

to calibrate trial jet grouting results (Table  3-4). 

 

3.9.1. Methods to calculate soilcrete diameter 

JJGA, (2005) proposed a comprehensive guideline for operational parameters and soilcrete 

diameter values for double fluid, triple fluid, and super jet grouting systems (Chu Eu Ho 2005). 

The values are presented in Table  3-11 to Table  3-16. Other methods to calculate soilcrete 

diameter are discussed in the following sections.  

 

3.9.1.1. Specific energy  

Tornaghi (1989) proposed that specific energy of compressed air can be expressed using the 

dimensional equation shown below: 

 

Equation  3-1 

Esa (in
MJ

m
) =

0.035Qa[
l
min] ×

{(10Pa[MPa])
0.29 − 1}

vt[
cm
min]

 

 

Therefore, specific jet energy can be calculated in each of single, double, and triple fluid systems 

using the equations below (Chu Eu Ho 2005). 

 

In a single fluid jet grouting system: 

 

Equation  3-2 

Esg =
PgQg

vt
 

 

In a double fluid jet grouting system: 

 

Equation  3-3 

Est = Esg + Esa 
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In a triple fluid jet grouting system: 

 

Equation  3-4 

Est = Esw + Esa,  Esw =
PwQw

vt
 

 

De Paoli et al. (1989) developed a relationship between jet grouting specific energy and soilcrete 

diameter shown in Figure  3-47, where the specific energy per lineal meter of a column is Esl =

P × T (MJ/m); specific energy per cubic meter of a column is Esc = P × T/S (MJ/m3);  where P 

is the mean power delivered by fluid exiting the nozzle, expressed by the product Q × p; Q is the 

rate of fluid ejection (m3/sec); p is the mean ejection pressure (MPa); T is the specific injection 

time (sec/m); and S is the cross sectional area of the column (m2). 

Groppo Sembenelli and Sembenelli (1999) developed a relationship between total specific 

energy (grout and air) and the minimum diameter of soilcrete (Figure  3-48). Figure  3-48 shows 

that the correlation is different for different jobsites.  

P Croce and Flora (2000) stated that among several empirical relationships which do not seem to 

have physical meaning, one relationship proposed by Tornaghi (1989) is notable. The 

relationship correlates soilcrete column diameter with jetting energy per unit of column diameter. 

Equation  3-5 calculates the energy at pump (Ep).  

 

Equation  3-5 

Ep =
p × Q

v
 

 

Where,  p: grout pressure 

  Q: grout flow rate 

  v: monitor lifting rate 

 

P. Croce and Flora (2000) proposed an approach to design the jet grouting column diameter. This 

approach is based on the jetting energy at the nozzles (En), not at the pump, in order to account 

for the pressure loss through circuit lines and nozzle. However, this approach provides no insight 
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into the mechanism of jet grouting. The authors suggested that energy losses in the jetting system 

could be as large as 20% (Figure  3-49). Generally, for the unit length of column L: 

 

Equation  3-6 

En =
m× vn

2

2 × L
 

 

Equation  3-7 

m = ρg×Q×∆t 

 

Expressing vn as a ratio between Q and the overall nozzle cross-section. 

 

Equation  3-8 

En =
8 × ρg × Q

3

π2 ×M2 × d4 × v
 

 

Where,  En: jetting energy at the nozzle 

m: grout mass delivered in the time Δt corresponding to treatment length L 

vn: grout velocity at the nozzles  

ρg: grout density  

Q: grout flow rate 

  M: number of nozzles 

d: diameter of nozzles 

v: monitor lifting rate 

 

Equation  3-9 

vn = (Q/n)/An 

 

Where,  n: number of nozzles 

  An: cross-sectional area of the nozzle (=
1

4
πdn

2) 
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Equation  3-8 has advantages over the current definition of the jetting energy (Equation  3-5) 

because it is acconting for grout density and nozzle diameter (which can be changed from case to 

case) rather than for grout pressure (which is almost constant).  

I K Mihalis et al. (2004) derived a relationship between specific jet grouting energy Es and 

soilcrete diameter based on Equation  3-10 (Figure  3-50). Based on their results, the successful 

execution of different jet grouting systems can be done within the following specific energy 

ranges: single fluid jet grouting 17 MJ/m and 30 MJ/m; double fluid jet grouting 40 MJ/m and 80 

MJ/m; triple fluid jet grouting: not exceeding approximately 130 MJ/m. However D. a. Bruce 

(1994) stated that the typical range of specific energy for double and triple fluid jet grouting is 8 

to 110 MJ/m and 9 to 200 MJ/m, respectively.  

 

Equation  3-10 

Es = 0.0101 × D
2.02 

 

T. S. Lee et al. (2005) drew a relationship between jet grouting specific energy and jet grouting 

operational parameters using the equation below. For simplicity of calculation, the contribution 

of the compressed air is neglected. 

 

Equation  3-11 

Ej (
MJ

m
) =

PwQw + PgQg

Vt
 

 

Where  Pw & Pg = water and grout pressures in MPa 

Qw & Qg = water and grout flow rates in m
3
/hour 

Vt = withdrawal rate (
meter

/hour) 

 

Tsuboi et al. (2007) developed a relationship between cutting distance and jet grouting specific 

energy (Figure  3-51). 
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3.9.1.2. Other empirical methods 

Without considering any type of soil or jet grouting system,  Kanematsu (1980) proposed that the 

soilcrete diameter is around 300 times of nozzle diameter (in meters). 

H. Yoshida et al. (1989) conducted an investigation the effect that water jet pressure and flow 

rate factors have on the time and cutting distance of the jet through loose sandy soil. Three 

pressure values of 3800, 5200, and 6600 psi were used with three flow rates of 75, 150, and 300 

l/min. They used a steel tank with eight vibration sensors attached to the steel net. The time was 

recorded using the vibration caused by the water jet. Figure  3-52 illustrates the relationship 

between nine pressure-flow rate combinations. Based on the figure, the equation below was 

derived to correlate the relationship between cutting distance, pressure, flow rate, and time. 

 

Equation  3-12 

T = 31.2 × L2.21 × P−1.72 × Q−1.88 

 

Where:  T = jetting time (sec), 

  L = distance from nozzle to the measurement point (cm), 

  P = dynamic pressure of water jet (MPa), and 

  Q = discharge flow rate of water jet (lit/min). 

 

Equation  3-12 shows that the flow rate influence on the cutting distance is much greater than the 

pressure. Equation  3-12 can be used to calculate the cutting distance for any pressure and flow 

rate with known time (Figure  3-53). H. Yoshida et al. (1989) also found that by doubling the 

jetting energy, the cutting distance and area increase by a factor of 1.8 and 3.24, respectively. 

Energy increase can be achieved by increasing P and/or Q; however an increase in Q has a 

greater effect on the increase of the cutting distance.  

R. D. Essler (1995) emphasized that soilcrete diameter depends on both the input jetting energy 

and the ability of the ground to be eroded. Equation  3-13 was suggested to calculate jetting’s 

volume of soil cut per minute.  

 

Equation  3-13 

E = 7.85 × L × D2 
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Where,  E: the volume of cut per minute (liter) 

  L: lift speed (cm/min) 

  D: soilcrete column (m) 

 

For a given energy and the same soil type, the soilcrete diameter has the below (Equation  3-14) 

relationship with the withdrawal rate. This relationship is shown in Figure  3-56. Figure  3-54 

shows this relationship for different values of E. In all cases, E is relative to the site and specific 

energy. Only experience allows the jet grout designer to estimate E for a particular soil type. 

However, implementing a number of trial jet grouting columns with varying withdrawal rates 

can develop the same curve presented in Figure  3-55.  

 

Equation  3-14 

D = constant × √L
2

 

 

M. Shibazaki and Yoshida (1997) carried out an experiment using a triple fluid jet grouting 

system to build columns with diameters more than five meters, and proposed an empirical 

relationship to predict the soilcrete diameter based on the experimental results. 

 

Equation  3-15 

R = (4.95 × K × Pgrout
−14 × FR−1.6 × N−0.2 × vn

−0.3) − 0.7 

 

Where,  R: column radius (m) 

K: a constant related to jetting liquid (2.5 for cement slurry and 1.0 for water) 

Pgrout: discharge pressure (kg/cm2) 

FR: flow rate (l/min) 

N: represents the number of passes 

vn: tangential velocity at a nozzle outlet (m/s) 

 

M. Shibazaki and Yoshida (1997) also proposed the ranges of parameters on which 

Equation  3-15 can rely, which are:  
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200 ≤ Pgrout ≤ 500 kgf/cm
2;  70 ≤ FR ≤ 300 l/min;  1 ≤ N ≤ 20; 0.1 ≤ vn ≤ 0.2 m/s. 

 

P. Croce & Flora (1998) proposed the equation shown below to calculate the soilcrete diameter 

created by single fluid jet grouting in pyroclastic soils. 

 

Equation  3-16 

D = 2 × (
α. Vj

π[1 − (1 − β) × (1 − n)]
)
0.5

 

 

Where,  Vj: injected grout volume per unit length 

n: initial soil porosity 

α, β: coefficients related to percentage of grout retained by the subsoil and the 

percentage of soil removed by jet action, respectively. 

 

Mitsuhiro Shibazaki (2003) proposed an empirical equation, Equation  3-17, to calculate soilcrete 

diameter. The experiment was performed under a jetting presure of 30MPa and a flow rate of 

0.3 m3/min in loose sandy soil.  

 

Equation  3-17 

Lm = K × P
α × Qβ × Nγ/ Vn

δ 

 

Equation  3-18 

Vn = Rm × Rs/60 

 

Where,  Lm: the radius of influence, m 

K: a coefficient of the ground from field data, dimensionless = 0.315 

P: the jetting pressure, MPa 

Q: the jetting flow rate, m3/min 

N: the number of repetitions, dimensionless 

Vn: the nozzle movement velocity, m/s 

α: empirical coefficients from field data, dimensionless = 0.003 
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β: empirical coefficients from field data, dimensionless = 2.186 

γ: empirical coefficients from field data, dimensionless = 0.135 

δ: empirical coefficients from field data, dimensionless = 0.198 

Rm: the external radius of the monitor, m 

Rs: the rotational speed, rpm 

 

Equation  3-17 shows the effect of the different parameters on soilcrete diameter. It can be 

understood that flow rate has the biggest influence on diameter. Theoretically doubling the flow 

rate can increase the diameter 355% (Ji 2008). Value K is based on the soil type and may vary 

from one site to another. Therefore, an in-situ trial test must be carried out to calibrate this value; 

direct calculating of the diameter may lead to inaccurate results. If jet pressure and flow rate are 

expressed in terms of the nozzle diameter and jet velocity, Equation  3-17 can be rewritten as 

Equation  3-19 (Ji 2008). 

 

Equation  3-19 

Lm = 0.124 × ρf × d0
4.372 × v0

2.192 × N0.135/ Vn
0.198 

 

Where,  d0: nozzle diameter 

  v0: initial jet velocity 

  ρf: density of injected fluid 

 

Chu E Ho (2007) and Chu E Ho (2005) described a mathematical model for a single fluid system 

of the jet grouting process using physical modeling of jet grouting, fundamental theories of jet 

hydrodynamics, and soil mechanics. He proposed to calculate the erosion distance using 

Equation  3-20 and Equation  3-21. The equations showed good results for clays, silty clays and 

cemented silts, however the results for silty sands were conservative. 

 

Equation  3-20 

lj

dn
= 6.25√

(Pi − Ps)

qbu
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Equation  3-21 

D = 2lj + dm 

 

Where,  lj: maximum jet cutting distance from nozzle 

  dm: diameter of jetting monitor 

  D: diameter of jetting column 

  dn: nozzle diameter 

  Pi: pressure at nozzle inlet 

  Ps: ambient pressure at nozzle outlet 

  qbu: ultimate soil bearing resistance = Ncsu 

  su: undrained shear strength 

Nc: bearing capacity term corresponding to failure condition at jet tip (=2.4 for 

cohesive soil) 

 

To measure the undrained shear strength, the direct measurement methods are more amenable 

than the indirect methods such as the plasticity index and liquidity index. However for medium 

stiff to stiff cohesion soil, undrained shear strength can be calculated using Su(kPa) = 4.4N, 

where N is the standard penetration blowcount (SPT). Soil bearing resistance of cohesionless 

soils in jet excavation is about qbu = 12N. 

Equation  3-20 has been derived based on a single fluid jet grouting system. However, Chu E Ho 

(2011) and Chu E Ho (2009) has extended his research to derive another equation for a triple 

fluid jet grouting system to calculate the cutting distance of a high velocity water jet shrouded 

with compressed air jet. Equation  3-22 is proposed to calculate the cutting distance of triple fluid 

jet grouting in cohesive soils where the ultimate bearing resistance of soil is qbu = 2.4Su. 

 

Equation  3-22 

lj

dn
= 6.25(1 +M)√

(Pi − Ps)

qbu
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Where,  M = 3λ, value M should be calibrated using a full-scale trial jet grouting test. It 

has been found to be 1.6 for normally consolidated marine clay  

  λ = u0/V0 

  u0: velocity of ambient medium 

  V0: exit velocity of central jet 

 

Modoni et al. (2006) proposed a complete theoretical model to calculate the radius of the 

soilcrete in three different soil types, namely granular soils including gravels and sands and 

cohesive or clayey soils. They assumed that jet propagation is taking place in two steps: one 

from the nozzle to the soil face, which is the space between the monitor and the soil; and one 

through the soil skeleton. Based on their model, the maximum radius of soilcrete created by the 

single fluid jet grouting system in granular (gravel and sand) and cohesive (clay) soils can be 

calculated using Equation  3-23 and Equation  3-24, respectively. For a detailed description of 

assumptions and considerations, it is recommended to refer to the original publication (Modoni, 

Croce, and Mongiovi 2006). 

 

Equation  3-23 

R =
2 × v0 × Λ × C × Dgrout

√
Ωs. g. N
γf

×
c′ + σz. tan (φ′)

1 + Ωs. [
tan(φ′)
2 ]

 

 

Equation  3-24 

R =
2 × v0 × Λ × C × Dgrout

√
Ωc. g. N. cu

γf

 

 

Where,  v0: initial speed of the jet threads (immediately after thenozzle) 

Λ: a coefficient (experimentally quantified) related to the nozzle shape that affect 

the attenuation of the fluid velocity along the jet axis (x) 

C = √ξ/2  where ξ = vx/vxmax which represent a fraction of the maximum 

velocity of the jet at distance x from the nozzle  
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vx: mean velocity of the jet at distance x  

vxmax: represent the respective maximum velocity 

Dgrout: nozzle diameter 

Ωs and Ωc: dimensionless parameter accounting for energy dissipation of the 

injected fluid on granular and cohesive soils respectively 

g: gravitational acceleration 

N: turbulent kinematic viscosity ration of injected uid and water (N =∈f/∈w) 

γf: unit weight of the injected fluid 

c′ and φ′:  effective cohesion and friction angle of the soil, respectively 

cu: undrained soil cohesion 

σz: initial vertical overburden stress 

  

Ji (2008) carried out a limited width tank experiment on sandy soil to understand the mechanism 

of interaction between injected fluid and soil through visual observation in the single fluid jet 

grouting system. The existence of both seepage and erosion at the jet/soil interface and the 

defined influence radius as the movement of erosion front was reported. Hydrodynamic 

characteristics of the jet and effect of spoil backflow, as well as the effect of other parameters 

such as surrounding fluid properties, nozzle diameter and flow conditions, were taken into 

consideration. In these models, the interaction of jet/soil at their interface was taken into account 

as an important parameter to define the cutting distance. It is assumed that the soil fails where the 

jet pressure overcomes the soil strength, and therefore the radius of influence is the distance 

where jet pressure becomes equal to soil resistance. Ji (2008) proposed that there were two 

factors that control the ultimate eroding distance of the jet. One is soil resistance against the jet 

represented by horizontal effective stress, and the second is the frictional loss of the backflow. 

Two limiting conditions were imposed to predict the soilcrete diameter (Figure  3-57). The 

smaller number is determined as the column diameter.   

 

Equation  3-25 

σh
′ =

1

2
ρfvL

2  or vL = √
2σ′

ρf
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Equation  3-26 

∆P

L
=
32μspvsp

Dh
2  

 

Equation  3-27 

R1 =
v0xc
vL

=
v0xc

√
2σh

′

ρf

 

 

Equation  3-28 

(Pp + ∆PsR2) −
1

2
ρf (
v0xc
R2
)
2

= 0 

 

Where,  σh
′ : horizontal effective stress, Pa 

  vL: critical jet velocity, m/s 

  ρf: density of injected fluid, kg/m3 

∆P: pressure drop due to friction, Pa 

L: length of the backflow, m 

vsp: backflow velocity of the spoil material, m/s 

Dh: hydraulic diameter of the backflow cross-section, m 

v0: initial jet velocity at nozzle exit, m/s 

xc: length of the initial region, m 

R1: column size determined from zero effective stress, m 

Pp: pressure loss due to friction in borehole, Pa 

∆Ps: pressure loss per unit length of flow due to friction in ground, Pa 

R2: the column size determined from pressure losses in backflow, m 

 

Carletto (2009) observed that soilcrete diameter is affected by both the jet grouting energy and 

soil resistance, and tried to simplify the equations of Modoni et al. (2006). The manuscript was 

written in ltalian and it is recommended to refer to the original publication for a detailed 

description of the theory. 
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Nikbakhtan and Ahangari (2010) developed empirical relationships between soilcrete diameter 

with withdrawal and rotational speed, w/c ratio, and grout pressure. Figure  3-58, Figure  3-59, 

and Figure  3-60 show that with increasing grout pressure and w/c ratio, the diameter increases 

logarithmically; and with increasing withdrawal and rotational speed, the diameter decreases. 

They also concluded that diameter is more sensitive to w/c ratio than other parameters. 

A. G. Malinin and Gladkov (2011) developed the Ischebek relationship to calculate the soilcrete 

diameter based on the operational parameters (Equation  3-29).  

 

Equation  3-29 

D = √
PQ

BV

A

 

 

Where,  P: the injection pressure in MPa,  

Q: the flow rate in m3/sec,  

V: the rate of ascent of the monitor in m/sec,  

A and B: empirical coefficients dependent on the properties of the soil.  

 

Equation  3-30 

A(c) = 5.7 × c−0.25 

 

Equation  3-31 

B(c) = 11.2 × c0.4 

 

Where,  c: cohesion of the soil in kPa. 

 

Z. F. Wang et al. (2012) developed a relationship (Equation  3-32) between important jet grouting 

parameters and soil properties to calculate soilcrete diameter based on the kinematic flow theory.  

 

Equation  3-32 

R =
d0
2
+ b.

4FR

MπDgrout√UCS/pa
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Where,  R: radius of the soilcrete column 

d0: rod diameter 

FR: flow rate of the fluid injected 

M: number of nozzle on the rod 

Dgrout: nozzle diameter  

UCS: UCS of soilcrete 

pa: atmospheric pressure 

b: a parameter related to the soil characteristics, (=1.2 to 2.0 for very soft clay; 

0.75 to 1.4 for clay silt; 0.25 to 0.75 for sand) 

 

Equation  3-32 shows that soilcrete diameter is related to its strength which means this approach 

can be used after the creation of the soilcrete column and when the UCS of the soilcrete column 

is known.  

Tinoco, Gomes Correia, and Cortez (2011a), Tinoco (2012), Tinoco, Gomes Correia, and Cortez 

(2012), and Tinoco, Gomes Correia, and Cortez (2011b) proposed a new approach to 

predict UCS, diameter, and deformability properties of soilcrete based on data mining techniques. 

They showed that data-driven models are able to learn the complex relationships between 

soilcrete properties and other important factors. Based on their analysis, it can be concluded that 

the method is highly related to the data used to train the model. Their results precisely show in 

some cases that the prediction was less accurate which can be explained by the fact that the 

database included just a few records in that particular range of data. Also the applicability of the 

model was not assessed in the real jet grouting project.  

B. Nikbakhtan et al. (2014a) proposed a mathematical model based on the sum of squared-

deviations (SSD) method to estimate the diameter of soilcrete created by the triple fluid system 

jet grouting. Before using any mathematical models, they divided those important parameters 

into two main categories. The first group includes operational parameters such as water pressure 

(Pw), grout pressure (Pg), air pressure (Pa), lifting speed (Lg), rotating speed (Rg) and grout 

density (γg). The second group includes physical and mechanical properties of the in-situ soil 

such as soil permeability (k), cohesion (c), soil conductivity (Cg) and soil groutability ratio 

(GR). Equation  3-33 was proposed to calculate the diameter of soilcrete. B. Nikbakhtan et al. 

(2014a) also mentioned that water pressure, grout pressure, air pressure, soil permeability 
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coefficient, soil conductivity coefficient and groutability rate have direct impact on the soilcrete 

column diameter. They also pointed out that other parameters such as lifting speed, rotating 

speed, grout density and cohesion have a reverse relationship with soilcrete diameter changes. 

  

Equation  3-33 

D = A. (Ls
−1)a. (RS

−1)b. (Pw)
c. (Pa)

d. (Pg)
e
. (γg

−1)
f
. (K)g. (C−1)h. (GR)

i. (Cg)
j
 

 

Equation  3-34 

Cg =
(D10)

2

D90 × D60
 

 

Equation  3-35 

GR =
D10

d100 cement
  

 

Where D is diameter (cm) of the soilcrete and A, a, b, c, d, e, f, g, h, i and j are 7.459 × 10−10, 

– 0.1353, 0.3363, 0.4678, – 0.2914, – 0.0138, – 2.1720, – 0.0275, 1.6572, 3.2038, and 

– 1.8489, respectively. According to the results, Equation  3-33 can predict the diameters with an 

error range of 3 to 20%; however the theoretical assumptions will be in agreement with the 

mathematical relationship when all power coefficients are positive but a, d, e, f, g, and j 

coefficients are negative. Although a, d, e, and g are small and can be neglected, there is still an 

issue with the f and j, which means the relationship between soil conductivity and grout density 

does not match the literature and field observations. B. Nikbakhtan et al. (2014a) have concluded 

that mathematical modeling might have shortcomings preventing it from fiting a perfect 

relationship for all parameters. 

B. Nikbakhtan, Apel, and Ahangari (2014a) attempted to estimate the diameter of soilcrete using 

artificial neural network (ANN) methods and develop optimal neural network models to reduce, 

as much as possible, the need for trial jet grouting (Figure  3-61). A precise set of data from 

reliable resources and literature was collected to create a database with a wide range of input 

parameters to train the ANN model. They designed and tested 125 ANN models with different 

numbers of hidden layers, nodes in each layer, and training epochs. It was observed that with 
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increasing the number of the hidden layers and neurons, the ANN model fits much better with 

the training data. However, this may overfit the model. Results revealed that the ANN model was 

very successful in learning the complex relationships between the operational parameters and 

soilcrete diameter. The optimum model was able to predict the theoretical diameter of the 

soilcrete with an error rate of 10%. However, it was concluded that the prediction result can be 

highly related to the data used to train the model. 

  

3.9.2. Methods to calculate soilcrete strength  

The mechanical properties of soilcrete have generally been evaluated with the UCS test, and 

seldom with the direct shear (Mongiovi, Croce, and Zaninetti 1991; P. Croce et al. 1994), and/or 

triaxial test (P. Croce and Flora 1998). Expected soilcrete uniaxial compressive strength is 

summarized in Table  3-9 from different publications. 

Nishimatsu (1972) developed the relationships shown below to obtain cohesion (c) and friction 

angles (φ) from UCS for soilcrete.   

 

Equation  3-36 

c =
σcσt

2[σt(σc − 3σt)]
0.5

 

 

Equation  3-37 

tanφ =
σc
2 − 4c2

4σc × c
 

 

Where,  σc: UCS 

  σt: brazilian indirect tensile strength  

 

Unconfined compressive strength of the soil increases with increasing cement content (J.K 

Mitchell, Veng, and Monismith 1974): 

 

Equation  3-38 

qu = qu(t0) + Klog t t0⁄  
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Where:   qu(t)   = Unconfined compressive strength at t days, kPa 

 qu(t0) = Unconfined compressive strength at  t0 days, kPa 

 AW   = Cement content percent by mass,  

 K   = 480 AW for granular soils and 70 AW for fine grain soil 

 t   = Curing time 

 

Satio, Kawasaki, Niia, Babasaki, and Miyata (1980) calculated the shear strength of the soilcrete 

using the equation below: 

 

Equation  3-39 

τo = 0.53 + 0.37(UCS) − 0.0014(UCS)
2, (UCS ≤ 60

kg

cm2
) 

 

Where,  τo: 28-day shear strength (kg/cm
2
) obtained by direct shear test with zero normal 

stress 

UCS: 28-day unconfined compressive strength (kg/cm2) 

 

Andromalos and Gazaway (1989) presented a case history of jet grouting on silty fine-to-

medium sand soils with standard penetration test N-values of 10 to 40 to evaluate different grout 

mixes to determine the diameter of soilcrete columns. Laboratory results of compressive strength 

versus specimen age with two different w c⁄  ratios of 1.5:1 and 2:1 and two different lifting 

speeds of 0.6 and 1.0 ft min⁄  are presented in Figure  3-62. Figure  3-62 shows that lower w c⁄  

ratio and lifting speed produce higher compressive strength.  

D.A. Bruce & Bruce (2003) reported that tensile strength of soilcrete is between 8 to 14% of its 

UCS.  

J. A. B. Tinoco (2012) summarized the equations below to calculate the UCS of soilcrete based 

on different parameters:  

 

1) P. Croce & Flora (1998) carried out a single fluid jet grouting test on pyroclastic soil with 

w/c ratio of one and grouting pressure of 45 MPa and withdrawal step of 40mm. They 
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corrolated the UCS of soilcrete with its dry unit weight (γd, kg/m
3). Equation  3-40 

(R2 = 0.70) presents the corrolation . 

 

Equation  3-40 

UCS = 2933 × γd − 32427 

 

2) F. H. Lee et al. (2005) proposed Equation  3-41 to calculate soilcrete strength in cohesive 

soil for a given type of cement. 

 

Equation  3-41 

UCS = UCS0 ×
em×(S/C)

(W/C)n
 

 

Where,  W/C: water/cement ratio 

S/C: soil/cement ratio 

  UCS0 (KPa), m and n are experimental constants.  

 

3) Narendra et al. (2006) proposed Equation  3-42 to calculate the strength of soilcrete 

particularly in a laboratory:  

 

Equation  3-42 

UCS =
A

B
Wc
C

 

 

Where,  A: a coefficient related to the type of clay, liquidity index and age of the mixture 

  Wc/C: the soil-water/cement ratio 

B: an empirical constant which is independent of the type of clay (1.22 to 1.24)  

 

4) S. Y. Liu et al. (2008) introduced the total w/c ratio (Rm) which is in good correlation 

with the UCS of marine clay stabilized with cement (Figure  3-63), and is defined as 

Equation  3-43.  
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Equation  3-43 

Rm =
mw
mc

 

 

Where,  mw: weight of water in soilcrete including water in the original soil and grout  

mc: weight of cement in dry state 

 

S. Y. Liu et al. (2008) also summarized the following relationships proposed by other authors to 

predict the UCS of the soilcrete:  

 

1) Nagaraj and Miura (1996): calculated UCS of four different inland clays with different 

liquid limits. 

 

Equation  3-44 

UCSt
UCS14

= a + b. ln (t) 

 

Where,  UCSt: UCS at age t (days) 

UCS14: UCS at 14-days curing time with initial water content as much as liquid 

limit of soil 

a = −0.20 for inland clays (and 0.190 for Ariake clays based on (Yamadera, 

Nagaraj, and Miura 1997)) 

b =  0.458 for inland clays (and 0.299 for Ariake clays based on (Yamadera, 

Nagaraj, and Miura 1997)) 

 

2) (Horpibulsuk, Miura, and Nagaraj 2003): 

 

Equation  3-45 

 

UCS
(
Wc
C
)1,t

UCS
(
Wc
C
)2,28

= {
1.24[(

Wc
C
)2−(

Wc
C
)1] × (0.038 + 0.281. ln(t)), LI = 1.0~2.5

1.24
[(
Wc
C
)
2
−(
Wc
C
)
1
]
× (−0.216 + 0.342. ln(t)), LI > 2.5      
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Where,  t: curing period in days 

UCS
(
Wc
C
)1,t

: UCS at (
Wc

C
)1 for the curing period of t days 

Wc: water content 

C: cement content 

UCS
(
Wc
C
)2,28

: UCS at (
Wc

C
)2 for the reference curing period of 28 days 

LI: liquidity index 

 

Nikbakhtan and Osanloo (2009) discussed the effects of grout pressure and grout flow on soil 

and soilcrete properties. They carried out trial jet grouting on six columns using the triple fluid 

system. After 32 days, the perimeter of columns was dug out to evaluate soilcrete diameters and 

properties using laboratory uniaxial compressive, triaxial compressive, direct shear, brazilian, 

and Schmidt hammer tests (Figure  3-64). According to the laboratory results, by increasing grout 

pressure and flow rate, the UCS of soilcrete increases logarithmically (Figure  3-65 and 

Figure  3-66).  The results are presented in Table  3-10.  

Nikbakhtan and Ahangari (2010) developed empirical relationships between soilcrete UCS and 

its diameter with withdrawal and rotational speed, w/c ratio, and grout pressure. For this 

purpose, three 5.0m-depth columns with various operational parameters were jet grouted in fine-

grained clayey soil (Figure  3-67). To evaluate the effect of specific operational parameters on 

soilcrete properties, all other parameters such as air pressure, airflow, water pressure, water flow, 

and number and diameter of nozzles were held constant, and then the grout pressure, w/c ratio, 

withdrawal, and rotational speeds were changed. After the trial jet grouting, the perimeter of the 

columns was dug out to measure the diameter of the columns. Also, the samples were taken for 

laboratory UCS tests. The results showed that increasing grout pressure and w/c ratio increases 

the UCS logarithmically (Figure  3-68 and Figure  3-69). Also, increasing the withdrawal and 

rotational speed, decreases the UCS (Figure  3-70). Nikbakhtan and Ahangari also concluded that 

the UCS of soilcrete is more sensitive to w/c ratio than other parameters. 

S. L. Shen et al. (2010) suggested multiplying the degree of mixing uniformity (Du) with 

strength from a standard laboratory mixing test to calculate the strength of the soilcrete. The 

degree of mixing uniformity is calculated using Equation  3-46 (adopted from (Tinoco 2012)). 
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Equation  3-46 

Du =
N1
N2
× 100% 

 

Where,  N1: number of collected samples 

  N2: number of samples with an pH value higher than critical value. 

 

In addition to all empirical relationships to calculate the UCS of the soilcrete, Tinoco (2012) 

summarized two EC2 (CEN 2004) and MC90 (CEB-FIP 1991) regulations to calculate 

mechanical properties of the concrete. 

 

1) Based on EC2 (CEN 2004), the strength of concrete and its stiffness are calculated using 

Equation  3-47 and Equation  3-48. 

 

Equation  3-47 

fcm(t) = e
(s.[1−(

28
t
)
a
])
. fcm 

 

Where,  fcm(t): strength at age t 

fcm: 28-day strength of the mixture 

s: a coefficient related to cement type  

t: age of the mixture 

a = 1/2 for concrete (the same number can be adapted to soilcrete) 

 

Equation  3-48 

Ecm(t) = (e
(s.[1−(

28
t
)
a
])
)

b

. Ecm 

 

Where,  Ecm(t): stiffness at age t 

Ecm: 28-day stiffness of the mixture 

s: a coefficient related to cement type 

t:  age of the mixture  
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a and b: coefficients to be adjusted using JG data 

 

2) Based on MC90 (CEB-FIP 1991) concrete stiffness can be calculated using 

Equation  3-49. 

 

Equation  3-49 

Eci(t) = (e
(s.[1−(

28
t
)
a
])
)

b

. αE. Ec0. (
fcm

fcm0
⁄ )

c

 

 

Where,  Eci(t): stiffness at age t 

s: a coefficient related to cement type 

t: age of the mixture 

αE: a coefficient depends on type of aggregate (=0.99 for soil clay) 

fcm0 = 10 MPa  

fcm: 28-day stiffness of the mixture 

Ec0: was determined for each formulation based on 28-day stiffness  

a, b and c: coefficients to be adjusted 

 

3.9.3. Composition of soilcrete vs its diameter and strength  

Aschieri, Jamiolkowski, and Tornaghi (1983) suggested a formula to estimate the unit weight of 

the soilcrete γsc using a cement/water ratio (C W)⁄  and soil/water ratio (S W)⁄  based on the 100 

jet grouting cored samples, in which the specific gravity of in situ soil and cement particles was 

assumed to be 2.75 and 3.06, respectively. Another statistical relationship between C W⁄  and the 

long-term strength of soilcrete R was suggested (Alsayyedahmad 1992).  

 

Equation  3-50 

γsc =
1 + S W⁄ + C W⁄

0.1 + 0.37(S W⁄ ) + 0.33(C W⁄ )
 

Equation  3-51 

C
W⁄ = R

1
2⁄  
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Where   S    = mass of soil solids, 

  W   = total mass of water in the soilcrete,  

C    = total mass of cement in the soilcrete, and 

  R    = long term strength in kPa. 

 

With substituting Equation  3-51 into Equation  3-50: 

 

Equation  3-52 

γsc =
1 + S W⁄ + 0.447 (R

1
2⁄ )

0.1 + 0.37(S W⁄ ) + 0.15 (R
1
2⁄ )

 

 

De Paoli et al. (1989) calculated the composition of the jet grouted soil in terms of the cement 

(C), dry soil (S), and total water (W) contained in the volume of the treated soil, according to the 

general expression of bulk density (Equation  3-53) in which assumes full saturation and strength 

(R) mainly depends on the c/w ratio.  

 

Equation  3-53 

γb =
1 +

C
W+

S
W

1 +

C
W
GC
+

S
W
GS

 

 

Where,  GC: absolute specific gravity of cement 

GS: absolute specific gravity of soil particles 

 

The UCS of soilcrete for cement/peaty soil mixes at 120-days can be calculated using 

Equation  3-54. 

 

Equation  3-54 

R = 15 × (
C

W
)
3

, (MPa) 
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Equation  3-55 

C

W
= 0.405 × R1/3 

 

P. Croce, Chisari, and Merletti (1990) calculated the density of water-cement (grout) mix based 

on Equation  3-56. 

 

Equation  3-56 

ρg =
1 +W

1
ρc⁄ +W ρW⁄

 

 

Where,  ρg: density of grout (=1500 kg/m3 for typical grout type) 

ρc: density of cement (=3150 kg/m3 for typical grout type) 

  ρW: density of cement (=1000 kg/m3 for typical grout type) 

  W: water/cement ratio (=1 for typical grout type) 

 

Khasin (1996) developed a series of equations to calculate the composition of the soilcrete 

column and its diameter.  

 

Equation  3-57 

Vsr = Vcl (1 −
1

A − n + w0 + 1
) 

 

Equation  3-58 

Vg = Vcl (
A

A − n + w0 + 1
) 

 

Equation  3-59 

Qg = Vcl (
v

H
) (

A

A − n + w0 + 1
) 
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Equation  3-60 

A =
∁ (1 − n + w0)(

1
γc⁄ + w c⁄ )

1 − ∁(1 γc⁄ + w c⁄ )
 

 

Equation  3-61 

d = D√1 −
1

A − n + w0 + 1
 

 

Where,  Vsr: volume of soil subject to removal during formation of the column 

  Vg: volume of grout for forming the column 

  Qg: flow rate of grout delivery 

  Vcl: volume of soilcrete column 

  A = Vg/Vs: weight content of cement (∁) in a unit volume of soilcrete column 

  Vs: volume of soil 

  n: undisturbed porosity 

  w0: volume moisture content of soil (in completely saturated soil n=w0) 

  v: speed of longitudinal (withdrawal speed or lifting rate) 

  H: length of the column which the grout is delivered  

  γc: density of cement 

  w/c: water/cement ratio of the grout 

  d: drill hole diameter 

  D: soilcrete diameter 

 

Kauschinger et al. (1992) proposed equations for single fluid jet grouting to calculate the 

diameter of the soilcrete based on the mass balance theory. 

 

Equation  3-62 

D = √
Wt
c

π
4 × ∆Z × γt

c
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Equation  3-63 

Wt
c = Wcement

c +Wwater
c +Wsoil

c  

 

Equation  3-64 

Wsoil
c = (

πD2

4
∆Z)(

γt
in situ

1 + w
) −

(

 
 
 
 
 

γt
o(γw)

1 +
(
C
W)

e

(
S
W
)
e +

1

(
S
W
)
e

)

 
 
 
 
 

(
Qejected × ∆Z

L
) 

Equation  3-65 

Wcement
c = (

Gc(γw)

1 + Gc (
W
C )

grout)(
Qinjected grout∆Z

L
) −

(

 
 
 
 
 

γt
o(γw)

1 +
(
S
W)

e

(
C
W)

e +
1

(
C
W)

e

)

 
 
 
 
 

(
Qejected∆Z

L
) 

Equation  3-66 

Wwater
c = (

wπD2

4
) (∆Z)(

γt
in situ

1 + w
) + (

W

C
)
grout

(
Gcγw

1 + Gc (
W
C )

grout)(
Qinjeted grout∆Z

L
)

− (
γt
o(γw)

1 + (
C
W)

e

+ (
S
W)

e)(
Qejected∆Z

L
) 

 

Where,  D: soilcrete column diameter 

Wt
c: total weight of column 

Wcement
c : weight of cement in column 

  Wwatet
c : weight of water in column 

  Wsoil
c : weight of soil in column 

  ∆Z: height of soilcrete column 

  γt
c: total unit weight of soilcrete column 

  w: in-situ water content  
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  γt
in situ: total unit weight of soilcrete column 

  L: lifting rate of monitor through height of ∆Z 

  Qinjeted grout: flow rate of injected grout 

  Gc: 3.0 specific gravity of cement injected 

  (
W

C
)
grout

: water/cement ratio of injected grout 

  γw: unit weight of water  

  γt
o: density of the outflow 

  Gs: specific gravity of the soil 

(
C

W
)
e

: cement/water ratio of the ejected cutting (for sandy gravel soil it is equal to 

0. 135qu
1/2

  

qu: compressive strength of hardened soilcrete (kg/cm2) 

  Qejected: flow rate of ejected cuttings 

 

The composition of the soilcrete depends on the soil type and jet grouting system used. An 

accurate analytical calculation of exact soilcrete composition is not possible in practice because 

of the complex process of jet erosion, mixing, replacement, filling of pore spaces, and jet 

grouting parameters (P Croce and Flora 2000). On other hand, during the jet grouting there is 

also always a spoil material with unknown compositions (S. N. P. Coulter 2004). P Croce & 

Flora (2000) proposed Equation  3-67 to calculate the composition of the soilcrete based on 

conservation of the mass. The equation only calculates the composition of the cured soilcrete and 

thus does not consider any volume change due to bleed of water or contraction during the 

hardening.  

Equation  3-67 

V =
α

δ(n + β − nβ)
Vj 

 

Where,  V: soilcrete column volume per unit length 

  α: volumetric percentage of grout retained by the subsoil 

δ: percentage of pores filled with grout (excluding the jet grouting in clean 

gravels, the pores can be assumed completely filled with grout δ=1) 
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  β: volumetric percentage of soil removed by the jet action 

  n: original soil porosity 

  Vj: volume of injected grout per length of treatment. 

 

(Kauschinger et al. 1992) suggested that the spoil material return, including grouted soil, ranged 

from 0 to 80% of injected grout volume. Generally, the percentage of spoil return is less than 50 

with a typical value of 30. P Croce and Flora (2000) stated that complete retention, which means 

0% outflow, could be expected in clean gravels where grout can permeate through the soil voids. 

They also reported that the grout volume was 60 to 80% of the total soilcrete column volume in 

the single fluid jet grouting system. With complete mixing (β=1-α) within the column with 

original soil porosity of 0.35, 70 to 80% of the grout volume is retained. Complete mixing means 

the percent of grout retained within the column is equal to the percent of the soil retained in the 

column. P Croce and Flora (2000) also found that in single fluid jet grouting on sandy gravel and 

silt sand, the percentage of soil removal (β) varies between 30 to 60, and the percentage of grout 

retained (α) varies between 65 to 90.  

 

3-10. Conclusion 

Jet grouting method uses a high velocity hyraulic energy to first erode the soil and then replace it 

with different cementitious material based on a particular project goal. It can be used on a wide 

range of soil types and ground conditions for different mining and civil engineering applications. 

The method offers great flexibility for working conditions in selected intervals of soil layers or at 

very great depths. Such flexibility makes jet grouting an ideal ground modification technique. 

However, the understanding of the process is very limited because of its complex operation 

where jet erosion, mixing, replacement, and filling of pore spaces are all taking place at the same 

time. There is also always a spoil material return with unknown proportions of grout and soil. 

Properties and compositions of the soilcrete depend on the soil type and jet grouting operational 

parameters used. Hence, in practice, it is not possible to accurately calculate the exact soilcrete 

composition as well as its diameter and engineering properties. To understand and address the jet 

grouting process properly, the effect of different parameters on soilcrete properties have been 

discussed. A design approach of the jet grouting operation as well as some empirical and 

theoretical methods have also been presented. It is hoped that this will help the jet grouting 
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specialists to use these methods to initially evaluate their projects. It is important to emphasize 

that those methods are site-dependent and involve many limitations. It is strongly recommended 

to carry out laboratory formulation experiments with hand-mixed soilcrete samples to verify the 

values estimated by theoretical and empirical relationships. Trial jet grouting test columns should 

also be implemented in the field or by using a laboratory setup to validate hand-mixed 

experiment results and estimate operational parameter values for the main jet grouting operation 

in the field. 
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Table  3-1 Operational parameters of jet grouting systems and soilcrete properties (D. a. Bruce, 1994) 

Jet Grouting Parameters Single Double Triple 

Pressure, MPa 

Water Jet N.A. N.A. 30~55 

Grout jet 30~55 30~55 1~4 

Air Jet N.A. 0.7~1.7 0.7~1.7 

Flow, Lit/min 

Water Jet N.A. N.A. 70~100 

Grout jet 60~150 100~150 150~250 

Air Jet N.A. 1~3 1~3 

Nozzles, mm 
Water Jet PW PW 1.8~2.6 

Grout jet 1.8~3 2.4~3.4 3.5~6 

Number of water nozzles N.A. N.A. 1~2 

Number of grout nozzles 2-6 1-2 1 

Water/Cement ratio of grout 0.8~2 

Cement content in soilcrete, Kg/m3 400~1000 150~550 150~650 

Rotating speed of monitor, rpm 10~30 10~30 3~8 

Lifting speed of monitor, min/m 3~8 3~10 10~25 

Diameter of Soilcrete, m 
Coarse grain soil 0.5~1 1~2 1.5~3 

Fine grain soil 0.4~0.8 1~1.5 1~2 

Resistance of Soilcrete, MPa 
Sandy soil 10~30 7.5~15 10~20 

Clayey soil 1.5~10 1.5~5 1.5~7.5 

 

 

 

 

 

Table  3-2 Triple fluid jet grouting equipment (Yahiro, Yoshida, and Nishi 1975) 

Machine Specification 

Guide-hole drilling machine Boring machine and auger chosen based on soil type. 

High-pressure water pump 

Plunger pump 

Outlet pressure: 200 ~ 700 kg/cm2 

Discharge: 50 ~ 70 l/min 

Air compressor 
Outlet pressure: more than 3 kg/cm2 

Discharge: more than 1 m3/min 

Grout pump 
Outlet pressure: less than 10 kg/cm2 

Discharge: 100 ~ 150 l/min 

Monitor  

Triple pipe (water, air, and grout) 

Water jet nozzle diameter: 1.6 ~ 2.0mm 

Air nozzle: 1 ~ 2mm loop nozzle 

Lift apparatus for monitor 
Boring machine, Truck crane 

Uplift speed: 5 ~ 200 cm/min 

other Grout mixer, sand pump, air hose, casing pipe, water tank 
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Table  3-3 Super jet grouting, Super-Midi jet grouting, and X-jet grouting specifications (X-Jet 2002; Superjet 2004; 

Ji 2008) 

Method  Super jet (Superjet 2004) 
Super jet –Midi (Superjet 

2004) 
X-Jet (X-Jet 2002) 

System  Modified double fluid system Triple fluid  

Injection direction Two opposite direction Cross-injection 

Tube configuration Triple rod Double rod Triple rod 

Tube diameter (cm) 14.2 9.0 9.0 

Drill hole diameter (cm) 25.0 ~ 35.0 15.0 ~ 25.0 14.2 

Water pressure (MPa) N.A. 40 

Water flow rate (l/min) N.A. 180 

Air pressure (MPa) 0.7 ~ 1.05 0.6 ~ 1.05 

Air flow rate (m3/min) >10 6 ± 2 

Grout pressure (MPa) 30 4 ± 1 

Grout flow rate (l/min) 300×2=600 200×2=400 190 ~ 250
1
 

Withdrawal rate (min/m) 16 12 8, 16, 242 

Diameter (m) 5.0 3.5 2.5 

Grouting depth (m) 30 (maximum 65) 60 

 

Table  3-4 Sampling and testing methods of soilcrete properties quality control (Schaefer 1997) 

Requirement Sample Method(s) Test Methods 

Strength 

Wet grab (in-situ) cast in to molds 

Cast in place plastic pipe retrieved after cure 

Core drilling 

Unconfined Compression 

Triaxial 

Tension 

Spiriting tensile strength  

Direct Shear 

CPT (in-situ) if soft enough 

Permeability 

As above plus: 

Cast-in-Place Piezometer 

Drilled and cast 

Piezometer 

Permeameter 

Rising or Falling Head (in-situ) 

Packer Testing 

 

Table  3-5 Effect of jet grouting different parameters on soilcrete diameter and strength (Yahiro, Yoshida, and Nishi 

1982) 

Parameter  
Sandy soil Clayey soil 

diameter strength diameter Strength 

Water pressure Increase N.A. Increase N.A. 

Water flow Increase N.A. Increase N.A. 

Grout pressure None N.A. Increase N.A. 

Grout flow None Increase Increase Increase 

Rotation speed Increase N.A. Decrease N.A. 

Lifting speed Decrease N.A. Decrease N.A. 

 

 

 

 

 

 

 

 

 

                                                 
1
 depending on soil condition 
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Table  3-6 The most well documented jet grouting projects 

Application Related literature projects and research works 
A
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(K.B. Andromalos and Gazawy 1986; Godfrey and JR 1987; Munfakh 1987; Gosaburo 1985; Pettit 

and Wooden 1988; B Nikbakhtan, Ahangari, and Rahmani 2010; B Nikbakhtan et al. 2009; S. 

Nikbakhtan, Nikbakhtan, and Rahmani 2008; B Nikbakhtan and Ghoshtasbi 2008; B Nikbakhtan 

and Pourrahimian 2006; B Nikbakhtan and Pourrahimian 2007; Guatteri; HBI et al. 1994; 

Tarricone 1994; Kenneth B Andromalos and Bahner 2003; “Victoria Station Upgrade 

Supplementary Environmental Statement: Technical Appendix G – Jet Grouting Trials Report” 

2008; “GeoEng Consultants”; Kazemian and Huat 2009; Lunardi 1997; Tsuboi et al. 2007; Hong et 

al. 2002; Day, Zarlinski, and Jacobson 1997; Ganeshan and Yang 2009; Kwong, Sandefur, and 

Hashiro 2010; Mcgonagle et al. 2011; Lloret et al. 1991; Oteo and Sopena 1991; Li and Hu 2010; 

Passlick and Doerendahl 2006; Lai et al. 2010; Shao and Ivanetich 2010; I. H. Wong and Poh 

2000; Cristelo, Glendinning, and Pinto 2011; Plescan and Rotaru 2010; J. L. Wang, Wang, and 

Wang 2009; Martin Ii et al. 2004; HBI 2004; G.K. Burke, Peterson, and Smith; Kazemian et al. 

2010; “Specialist Grouting”; George K Burke 2004; Brill, Burke, and Ringen 2003; Duzceer and 

Gokalp 2003; Durgunoglu, Kulac, Yilmaz, et al. 2003; Pinto et al. 2003; Durgunoglu, Kulac, Oruc, 

et al. 2003; Foundations 2012; “Jet Grouting”; Keller; R. D. Essler 1995; Morey and Harris 1995; 

G K Burke, Cacoilo, and Chadwick 2000; Kazemian and Huat 2010; Khasin 1996; Olgun and 

Martin 2008; Y. S. Fang et al. 2006; J P Welsh 1998; Spagnoli 2008; Gemmi, Morelli, and Bares 

2003; J.G. Wang et al. 1999; A. G. Malinin and Malinin 2007; R. Essler and Yoshida 2004; Saurer 

and Lesnik 2011; Lawrence and Gruner 1999; Kauschinger, Perry, and Hankour 1992)  
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(Soranzo and Mazzalai 1986; G.K. Burke, Heller, and Johnsen 1989; Kenneth B Andromalos and 

Gazaway 1989; Babak Nikbakhtan and Nikbakhtan 2008; B. Nikbakhtan, Aghababaei, and 

Pourrahimian 2007; B Nikbakhtan, Pourrahimian, and Aghababaei 2007a; B Nikbakhtan, 

Pourrahimian, and Aghababaei 2007b; Guatteri; Pettit and Wooden 1988; Rosenbaum 1989; 

George K Burke, Johnsen, and Heller 1989; Kauschinger and Welsh 1989; “Lake Placid’s Luge 

Run Undergoes Jet Grouting” 1990; Viner and Wooden 1990; G.K. Burke and Meffe 1991;  joseph 

p. Welsh and Burke 1991; Parry-Davies et al. 1992; Kauschinger, Perry, and Hankour 1992; 

Koelling and Ringen 1992; Flick et al. 1992; G.K. Burke and Brill 1992; Moseley 1993; 

Scarborough, Boehm, and Brill 1993; HBI et al. 1994; Tarricone 1994; G. k. Burke and Koelling 

1995; C. e. Ho 1995; Drooff, Furth, and Scarborough 1995; Pearlman 1998; Sheen 2001; C E Ho, 

Lim, and Tan 2002; Arora and Kinley 2011; Klein, Andromalos, and Trimble 2006; Haider and 

Byle 2000; Saglamer et al. 2002; Wei; Boehm 2004; J. Davie et al. 2003; Dash, Lee, and Anderson 

2003; Rollins et al. 2010; C E Ho and Hu 2006; T. Hurley and Crockford 2010; J G Wang et al. 

1998; Chu Eu Ho, Lim, and Tan 2005; Chu Eu Ho and Tan 2003; Meyers, Myers, and Petrasic 

2003; Yilmaz et al. 2008; Alzamora, Wayne, and Han; C. e. Ho 2010; Boehm and Posey 2003; 

Senapathy, Davie, and Bohem 2003; Yang, Tan, and Leung 2011)  
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(B Nikbakhtan 2007; Guatteri; Pettit and Wooden 1988; Garner et al. 1989;  joseph p. Welsh and 

Burke 1991; Miyasaka 1992; Steiner, Schneider, and Cartus 1992; Koelling and Ringen 1992; G. 

k. Burke 1992; Moseley 1993; G. k. Burke and Brill 1993; HBI et al. 1994; Tarricone 1994; Joseph 

P Welsh and Burke 1995; G. k. Burke 1995; G. k. Burke and Koelling 1995; Tanaka and 

Yokoyama 2006; Cong-jiao, Shi-bao, and Feng-shan 2011; Poh and Wong 2001; Groppo 

Sembenelli and Sembenelli 1999; G K Burke 2007; Lewis and Taube 2003; Ayoubian and Nasri 

2004; T. Hurley and Crockford 2010; P Croce and Modoni 2007)  



73 

 

T
u

n
n

el
in

g
  

G
ro

u
n

d
 S

ta
b

il
iz

at
io

n
 

G
ro

u
n

d
 m

o
v

em
en

t 
co

n
tr

o
l 

(Mussger, Koinig, and Reischl 1987; Langbehn 1986; Donald A Bruce, Boley, and Gallavresi 

1987; Guatteri; Pettit and Wooden 1988; De Paoli, Tornaghi, and Bruce 1989; Stella et al. 1990; 

Viner and Wooden 1990; GALLAVRESI 1992; Flick et al. 1992; Moseley 1993; HBI et al. 1994; 

“Safety Issue Boosts Record Soft Ground Jet Grouting Job” 1994; Tarricone 1994; Edgerton, Berti, 

and Wong 1995; C. e. Ho 1995; Atwood and Lambrechts 1995; Raines and Honke 1996; S L Shen 

et al. 2009; Flora, Lignola, and Manfredi 2007; Raju and Yandamuri 2010; Vardar et al. 2005; 

Samtani and Alexander 2005; Vià, Marotta, and Peach 2005; Furth, Gordon, and Dobbels 2003; 

Yoshitake et al. 2004; J. R. Davie et al. 2003; T. M. Hurley 2004; Gazzarrini, Kokan, and Jungaro 

2005; T. S. Lee, Murray, and Kiesse 2005; Tonon 2011; YuLiang et al. 2011; Chen, Lim, and 

Furuhashi 2011; S. Coulter and Martin 2006; I K Mihalis, Tsiambaos, and Anagnostopoulos 2004; 

Morey and Campo 1999; Chu E Ho 2011; S Coulter and Martin 2006; Pichler et al. 2004; Palla and 

Leitner 2009; Pichler et al. 2003; Mustapha and Ramdan 2008; Senapathy, Davie, and Bohem 

2003; Franz and Camper 2003; Gens et al. 2006; Massoudi 2008; Yourman, Jr., Diaz, and Gilbert 

2006; Lignola, Flora, and Manfredi 2008; Hashimoto, Ye, and Ye 2009; Guatteri et al. 2009; 

Kochen 1992; Steven Coulter and Martin 2004; Paolo Croce, Modoni, and Russo 2004; Shirlaw 

2003; Kwong and Francis 2003; Berry et al. 1988)  
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 (Pettit and Wooden 1988; “Process and Device for the Decontamination of Contaminated Sites”; 

HBI et al. 1994; Tarricone 1994; Lianwei and Guangyong 2011; Pearlman 1998; Rollins, Adsero, 

and Brown 2009; Hsieh, Wang, and Ou 2003; Bedenis, Jedele, and Maranowski 2005; Brengola 

and Roberts 2003; Padura et al. 2009; Kenneth B Andromalos and Gazaway 1989; Muller 2003; 

Smith and Borden, roy 2007)  
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Sites”; Flick et al. 1992; G. k. Burke 1992; HBI et al. 1994; Tarricone 1994; G. k. Burke 1995; 
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(Yahiro and Yoshida 1973; Yahiro and Yoshida 1974; Yahiro, Yoshida, and Nishi 1975; Broid et 

al.; J.K. Mitchell 1981; M. Shibazaki and Ohta 1982; Yahiro, Yoshida, and Nishi 1982; Aschieri, 

Jamiolkowski, and Tornaghi 1983; Baumann 1984; Miki and Nakanishi 1984; Greenwood 1987; 

De Paoli, Tornaghi, and Bruce 1989; H. Yoshida et al. 1989; B. Nikbakhtan and Ahangari 2010; B 

Nikbakhtan and Osanloo 2009; B. Nikbakhtan, Apel, and Ahangari 2014a; B. Nikbakhtan, Apel, 

and Ahangari 2014b; van hoesen 1992; Harris, Wooden, and Motl 1992; Jongpradist et al. 2010; F. 

H. Lee et al. 2005; Pavlovic et al. 2010a; Pavlovic et al. 2010b; Osborne and Chiat 2010; C. E. Ho, 

Tan, and Lim 2001; P. Croce, Flora, and Modoni 2001; Ozgurel and Vipulanandan 2005; Spagnoli 

2008; Chu Eu Ho 2009; Dabbagh, Gonzalez, and Pena 2002; A. Malinin, Gladkov, and Malinin 

2010; Schorr, Traegner, and Micciche 2007; Mitsuhiro Shibazaki 2003; Collotta, Frediani, and 

Manassero 2004; Mitsuhiro Shibazaki, Yokoo, and Yoshida 2003; Tinoco, Gomes Correia, and 

Cortez 2011a; Stark et al. 2009; Hiroshi Yoshida et al. 2007; A. G. Malinin and Gladkov 2011; 

Chernyakov 2009; P Croce and Modoni 2007; Modoni, Croce, and Mongiovi 2006; P Croce and 

Flora 2000; Mondoni, Croce, and Mongiovi 2008; Morey and Campo 1999; Brandstatter, Lackner, 

and Mang 2005; S Coulter and Martin 2006; Yung-Show, Liao, and Ta-King 1994; Tinoco, Gomes 

Correia, and Cortez 2011b; Stavridakis 2006; Carroll et al. 2004; Y.-S. Fang, Liao, and Sze 1994; 

Mitsuhiro Shibazaki et al. 2005; Y.-S. Fang, Kuo, and Wang 2004; Bzówka 2004)  
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(“GeoEng Consultants”; ASCE 2009; “Application of Ground Improvement : Jet Grouting”; 

BSEN12716:2001 2001; Druss 2003; Casagrande 2012)  
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Table  3-7 Soilcrete column diameter in different systems (George K Burke 2004) 

System Soft Clays Silts Sands 

Single Fluid 
1.5 – 3.0ft  

0.4 – 0.9m 

2.0 – 3.5ft  

0.6 – 1.1m 

2.5-2.4ft  

0.8 – 1.2m 

Double Fluid 
3.0 – 6.0ft  

0.9 – 1.8m 

3.0 – 6.0ft  

0.9 – 1.8m 

4.0 – 7.0ft  

1.2 – 2.1m 

Super Jet 
10.0 – 14.0ft  

3.0 – 4.3m 

11.0 – 15.0ft  

3.3 – 4.6m 

11.5 – 16ft  

3.5 – 5.0m 

Triple Fluid 
3.0 – 4.0ft 

0.9 – 1.2m 

3.0 – 4.5ft  

0.9 – 1.4m 

3.0 – 6.0ft  

0.9 – 2.5m 

X-Jet 
7.5ft  

2.3 m 

7.5ft  

2.3m 

7.5ft  

2.3m 

 

Table  3-8 Jet grouting systems advantages and disadvantages (George K Burke 2004) 

System Advantages Disadvantages 

Single 

Fluid 

-Simplest system and equipment 

-Good to seal vertical joints 

-Good in cohesionless soil 

-Smallest geometry created  

-Hardest to control heave  

-Difficult to control quality in cohesive soils 

Double 

Fluid 

 

-Most utilized system 

-Availability of equipment and tooling  

-High energy, good geometry achieved  

-Most experience  

-Often most economical 

-Very difficult to control heave in cohesive soils 

-Spoil handling can be difficult -Not usually considered 

for underpinning 

Triple 

Fluid 

-Most controllable system 

-Highest quality in difficult soils  

-Best underpinning system  

-Easiest to control spoil and heave 

-Complex system and equipment 

-Requires significant experience 

Super Jet 
-Lowest cost per volume treated -Best 

mixing achieved 

-Requires special equipment and tooling  

-Difficult to control heave in cohesive soils 

-Spoil handling difficult  

-Cannot work near surface without support 

-Highest logistical problems 

X-Jet 

 

-Confidence of geometry  

-Controllable materials cost  

-Best for soft cohesive soils 

 

-Very specialized equipment that requires daily 

calibration  

-Limited experience available 

 

Table  3-9 UCS of soilcrete, adopted from (Carreto 2000; Tinoco 2012; P Croce and Flora 2000) 

Author/Data 
w

c
 

Soil Type - UCS (MPa) 

Organic clay Clay Silt Sand Gravel 

Welsh and Burke (1991)  - - 1 to 5 1 to 5 5 to 11 5 to 11 

Baumann (1984) 
1:1.5 - - 6 to 10 10 to 14 12 to 18 

1:1.0 - - 3 to 5 5 to 7 6 to 10 

Paviani (1989) - - 1 to 5 1 to 5 8 to 10 20 to 40 

Teixeira et al. (1987) - 0.5 to 2.5 1.5 to 3.5 2 to 4.5 2.5 to 8 - 

JJGA (1995) - 0.3 1 1 to 3 - - 

Guatteri et al. (1994) - - 0.5 to 4 1.5 to 5 3 to 8 - 

(Bell 1993) - - 0.5 to 8 4 to 18 5 to >25 5 to >30 

(Miki 1985)  - - <5 5 to 10 

(M. Shibazaki 1991)  - - 10 30 

(B Nikbakhtan and Osanloo 2009)  - 2.4 - - 

(B. Nikbakhtan and Ahangari 2010) - - 0.9 to 3.3 - - 
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Table  3-10 Compare between physical and mechanical properties of soil and soilcrete (B Nikbakhtan and Osanloo 

2009) 

 Before jet grouting After jet grouting 

UCS (MPa) 0.025-0.05 2.4  

C (KPa) 40 770 

 (degree) 0 25 

Water content (%) 38 50-75 

t (KPa) 3.75-7.5 645 

 

Table  3-11 Effective column diameter and operational parameters for double fluid system in grannular soil (JJGA 

2005) (adopted from (Chu Eu Ho 2005)) 

SPT N value 

(bellows/0.3m) 
N<10 10<N<20 20<N<30 30<N<35 35<N<40 40<N<50 

Diameter (m) 0<Z<25m 2.0 1.8 1.6 1.4 1.2 1.0 

Withdrawal rate (min/m) 40 35 30 26 21 17 

Grout flow rate (l/min) 60 

Grout pressure (bars) 200 

Air pressure (bars) 7 

 

Table  3-12 Effective column diameter and operational parameters for double fluid system in cohesive soil (JJGA 

2005) (adopted from (Chu Eu Ho 2005)) 

SPT N value 

(bellows/0.3m) 
Hammer weight 0<N<1 1<N<2 2<N<3 3<N<4 

Diameter (m) 0<Z<25m 2.0 1.8 1.6 1.4 1.2 

Withdrawal rate (min/m) 30 27 23 20 16 

Grout flow rate (l/min) 60 

Grout pressure (bars) 200 

Air pressure (bars) 7 

 

Table  3-13 Effective column diameter and operational parameters for triple fluid system in grannular soil (JJGA 

2005) (adopted from (Chu Eu Ho 2005)) 

SPT N value  

(bellows/0.3m) 
N<30 30<N<50 50<N<100 100<N<150 150<N<175 175<N<200 

Diameter(m) 0<Z<30m 2.0 2.0 1.8 1.6 1.4 1.2 

Diameter(m)30<Z<40m 1.8 1.8 1.6 1.4 1.2 1.0 

Withdrawal (min/m) 16 20 25 

Grout flow rate (l/min) 180 140 

Grout pressure (bars) 20 to 50 

Water flow rate (l/min) 70 

Water pressure (bar) 400 

Air pressure (bars) 7 

 

Table  3-14 Effective column diameter and operational parameters for triple fluid system in cohesive soil (JJGA 

2005) (adopted from (Chu Eu Ho 2005)) 

SPT N value 

(bellows/0.3m) 
N<3 3<N<5 5<N<7 7<N<9 

Diameter (m) 0<Z<30m 2.0 1.8 1.6 1.2 

Diameter (m) 30<Z<40m 1.8 1.6 1.4 1.0 

Withdrawal rate (min/m) 20 25 

Grout flow rate (l/min) 180 140 

Grout pressure (bars) 20 to 50 

Water flow rate (l/min) 70 

Water pressure (bar) 400 

Air pressure (bars) 7 



76 

 

Table  3-15 Effective column diameter and operational parameters for super-jet system in granular soil (JJGA 2005) 

(adopted from (Chu Eu Ho 2005)) 

SPT N value 

(bellows/0.3m) 
N<50 50<N<100 N<50 50<N<100 

Diameter (m) 0<Z<20m 3.5 3.2 5.0 4.5 

Diameter (m) Z>20m 3.2 2.8 4.5 4.0 

Withdrawal rate (min/m) 12 16 

Grout flow rate (l/min) 400 600 

Grout pressure (bars) 300 

Air pressure (bars) 7 

 

Table  3-16 Effective column diameter and operational parameters for super-jet system in cohesive soil (JJGA 2005) 

(adopted from (Chu Eu Ho 2005)) 

SPT N value 

(bellows/0.3m) 
N<3 3<N<5 N<3 3<N<5 

Diameter (m) 0<Z<20m 3.5 3.2 5.0 4.5 

Diameter (m) Z>20m 3.2 2.8 4.5 4.0 

Withdrawal rate (min/m) 12 16 

Grout flow rate (l/min) 400 600 

Grout pressure (bars) 300 

Air pressure (bars) 7 
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1963 – concept and principle of cutting/grouting technique using high pressure jet 

 

Early 1970’s – chemical churning pile        1970 – Jet grout 

1975 – column jet grout 

 

1980 – Jumbo special grout 

1984 – super soil stabilization management method 

 

 

 

Early 1990’s – Super jet grouting and super jet-Midi 

1995 – X-Jet                  

1995 – Jet and churning system management 

1995 until Now – Study on effect of the different operational parameters, soil type, and jet 

grouting systems on soilcrete properties 

Figure  3-1 Historical development of jet grouting method (Ji 2008) 

 

 
Figure  3-2 Jet grouting workability area (HBI, 2004) 

 

 
Figure  3-3 Application limits for grouting techniques (“Specialist Grouting”, “The soilcrete - jet grouting process”)  
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Figure  3-4 Jet gouting (left) v.s. low pressure conventional grouting (right) (Foundations 2012) 

 

 

 
Figure  3-5 Jet grouting applications: (a) foundations and cofferdams; (b) underpinning, excavations, shafts, soft 

ground tunneling; (c) anchorages, slope stabilization, NATM tunneling (“Trevi Brochure” 2010) 
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Figure  3-6 Jet grouting applications (HBI 2004) 

 

 
Figure  3-7 Construction sequence of jet grouting (HBI 2004) 

 

 
Figure  3-8 Soilcrete different geometries (HBI 2004; Schaefer 1997) 
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Figure  3-9 Different soil erodibility characteristics (Schaefer 1997; HBI 2004) 

 

 

 

 
Figure  3-10 Single jet grouting system, F1 (HBI 2004; B Nikbakhtan 2007; B. Nikbakhtan, Aghababaei, and 

Pourrahimian 2007; B Nikbakhtan and Ghoshtasbi 2008; B Nikbakhtan and Osanloo 2009; B Nikbakhtan and 

Pourrahimian 2006) 

 

 
Figure  3-11 Double fluid jet grouting system, F2 (HBI 2004; B Nikbakhtan 2007; B. Nikbakhtan, Aghababaei, and 

Pourrahimian 2007; B Nikbakhtan and Ghoshtasbi 2008; B Nikbakhtan and Osanloo 2009; B Nikbakhtan and 

Pourrahimian 2006) 
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Figure  3-12 Triple fluid jet grouting system, F3 (HBI 2004; B Nikbakhtan 2007; B. Nikbakhtan, Aghababaei, and 

Pourrahimian 2007; B Nikbakhtan and Ghoshtasbi 2008; B Nikbakhtan and Osanloo 2009; B Nikbakhtan and 

Pourrahimian 2006) 

 

 
Figure  3-13 Super jet grouting system (HBI 2004) 

 

 
Figure  3-14 Soilcrete columns in clayey soil formed by super jet grouting (Superjet 2004) 
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Figure  3-15 Soilcrete columns in sandy soil formed by super jet grouting (Superjet 2004) 

 

 
Figure  3-16 Schematic and dimensions of X-Jet grouting system (Ji 2008) 
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Figure  3-17 X-Jet grouting and type of soilcrete column forming (X-Jet 2002) 

 

 
Figure  3-18 Comparison of jet velocity in X-Jet and single nozzle jet (X-Jet 2002) 

 

 
Figure  3-19 New hydraulic measuring device (Passlick and Doerendahl 2006) 
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Figure  3-20 Scheme of column diameter measurement; 1) measuring device; 2) holder; 3) soilcrete column wall (A. 

Malinin, Gladkov, and Malinin 2010) 
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Figure  3-21 Effect of nozzle shape on jet performance (Leach and Walker 1966) (adopted from (Chu Eu Ho 2005)) 
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Figure  3-22 Relationship between potential core length and straight length (Mitsuhiro Shibazaki 2003) 

 

 
Figure  3-23 Relationship between core length and narrowing angle (Mitsuhiro Shibazaki 2003) 

 

 
Figure  3-24 Relationship between cutting distance and number of passes in sand (H. Yoshida et al. 1991) (adopted 

from (Chu Eu Ho 2005)) 
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Figure  3-25 Relationship between cutting distance and rotation speed in sand (H. Yoshida et al. 1991) (adopted from 

(Chu Eu Ho 2005)) 

 

 
Figure  3-26 Optimal repetition frequency of eroding jet (R. Essler and Yoshida 2004) 

 

 
Figure  3-27 Lifting methods (R. Essler and Yoshida 2004) 
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Figure  3-28 Relationship between column diameter and duration of jet grouting (M. Shibazaki, Yoshida, and 

Matsumoto 1996) (adopted from (Chu Eu Ho 2005)) 

 

 
Figure  3-29 Relationship between soilcrete diameter and lifting rate; 1) cohesive soil c = 47kPa; 2) soil with low 

cohesion c = 7 kPa; 3) non-cohesive soil c = 1kPa (A. Malinin, Gladkov, and Malinin 2010) 

 

 
Figure  3-30 Relationship between soilcrete diameter and rotational speed (A. Malinin, Gladkov, and Malinin 2010) 
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Figure  3-31 Relationship between soilcrete diameter and pressure; 1) non-cohesive soil c = 1kPa; 2) soil with low 

cohesion c = 7 kPa (A. Malinin, Gladkov, and Malinin 2010) 

 

 
Figure  3-32 Relation between eroding distance and jet pressure (R. Essler and Yoshida 2004) 

 

 
Figure  3-33 Relationships of dynamic pressure rates and distance from nozzle in various media (R. Essler and 

Yoshida 2004) 
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Figure  3-34 Jet axial pressure of water jet versus cutting distance from nozzle outlet (Yahiro and Yoshida 1973) 

 
Figure  3-35 Relationship between water pressure and air flow rate with eroding distance (R. Essler and Yoshida 

2004) 
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Figure  3-36 Relationship between grout pressure and soilcrete diameter (D); a)soft clay, b)sandy soil medium dense 

(Langbehn 1986) (adopted from (Tinoco 2012)) 

 

 
Figure  3-37 Column diameter ranges against soil type (Bell 1993; Botto 1985) (adopted from (P Croce and Flora 

2000)) 

 

 
Figure  3-38 Column diameter ranges in granular soils against SPT blow count (Miki and Nakanishi 1984; Tornaghi 

1989; M. Shibazaki 1991) (adopted from (P Croce and Flora 2000)) 
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Figure  3-39 Column diameter ranges in fine-grained soils: (a) against undrained shear strength (Tornaghi 1989); (b) 

against SPT blow count (Miki and Nakanishi 1984; M. Shibazaki 1991) (adopted from (P Croce and Flora 2000)) 

 

 

 
Figure  3-40 Soilcrete diameter vs Nspt in different soil types and jet grouting systems, a) according to Brazilian 

practice (NOVATECNICA, 2003), b) proposed by (Miki & Nakanishi, 1984) and (Abramento, Koshima, & Zirlis, 

1998) (CCP: single fuid system, JG: double fluid system) 

 

 
Figure  3-41 A typical jet grouting project procedure (Tinoco 2012) 
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Figure  3-42 Applicability of the three main JG systems for cohesive and granular soils (Tinoco 2012) 

 

 
Figure  3-43 Soilcrete diameter vs Nspt for different jet grouting systems (Jet1: single fluid system, Jet2: double fluid 

system, Jet3: triple fluid system) (Tinoco 2012) 

 

 
Figure  3-44 Compressive strength of soilcrete (Keller; “Specialist Grouting”) 
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Figure  3-45 Development of soilcrete strength with time (Keller; “Specialist Grouting”) 

 

 
Figure  3-46 UCS of soilcrete based on soil types 

 

 

 
Figure  3-47 Relationship between specific energy per column meter (Esl) and column diameter (D) (De Paoli, 

Tornaghi, and Bruce 1989) 
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Figure  3-48 Correlation between total energy and minimum diameter of soilcrete from full-scale tests carried out at 

Ertan [results from similar tests at Xiaolangdi (Yellow River), Ghazi (Indus), and Mt. Bianco (Italy) Also shown for 

comparison] (Groppo Sembenelli and Sembenelli 1999) 

 

 
Figure  3-49 Comparison of energy at the nozzle and at the pump (P Croce and Flora 2000)  

 

 
Figure  3-50 Specific jet grouting energy against soilcrete diameter (I K Mihalis, Tsiambaos, and Anagnostopoulos 

2004) 
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Figure  3-51 Cutting distance vs jet fluid energy (Tsuboi et al. 2007) 

 

 
Figure  3-52 Time versus distance for nine pressure-flow rate combinations (H. Yoshida et al. 1989) 
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Figure  3-53 The distances reached for different combinations of pressure and flow rate, and constant hydraulic 

energy (H. Yoshida et al. 1989) 

 

 
Figure  3-54 Soilcrete diameter relationship with lifting speed for different energy levels (R. D. Essler 1995) 
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Figure  3-55 Plots of diameter versus lift speed for different values of E (liter/min) (R. D. Essler 1995) 

 

 
Figure  3-56 Relationship between jet grout column diameter and withdrawal rate (Coomber 1985) (adopted from 

(Chu Eu Ho 2005)) 
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Figure  3-57 Estimation of soilcrete column diameter (Ji 2008) 

 

 
Figure  3-58 Relation between 𝐜/𝐰 ratio and diameter (B. Nikbakhtan and Ahangari 2010) 

 

Equation  3-25 

Equation  3-26 

Equation  3-27 

Equation  3-28 
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Figure  3-59 Relation between grout pressure and diameter (B. Nikbakhtan and Ahangari 2010) 

 

 

 
Figure  3-60 Relation between withdrawal and rotational speed with diameter (B. Nikbakhtan and Ahangari 2010) 

 

 
Figure  3-61 Structure of two-layered ANN model (B. Nikbakhtan, Apel, and Ahangari 2014a) 
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Figure  3-62 Strength gain trends (K.B. Andromalos and Gazawy 1986) 

 

 
Figure  3-63 Relationship between UCS and total water-cement ratio (S. Y. Liu et al. 2008) (adopted from (Tinoco 

2012)). 
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Figure  3-64 Soilcrete columns and block samples (B Nikbakhtan and Osanloo 2009) 

 

 
 Figure  3-65 Relation between grout flow and average uniaxial compressive strength (B Nikbakhtan and Osanloo 

2009) 

 

 
Figure  3-66 Relation between grout pressure and average uniaxial compressive strength (B Nikbakhtan and Osanloo 

2009) 
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Figure  3-67 Vertical section of the boreholes (B. Nikbakhtan and Ahangari 2010) 

 

 
Figure  3-68 Relation between 𝐜/𝐰 ratio with 𝐔𝐂𝐒 (B. Nikbakhtan and Ahangari 2010) 

 

 
Figure  3-69 Relation between grout pressure with 𝐔𝐂𝐒 (B. Nikbakhtan and Ahangari 2010) 
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Figure  3-70 Relation between withdrawal and rotational speed with 𝐔𝐂𝐒 (B. Nikbakhtan and Ahangari 2010) 
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Appendix  3-1 Jet grouting different applications (1/2) (Keller) 
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Appendix  3-2 Jet grouting different applications (2/2) (Keller) 
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Appendix  3-3 Application of trple fluid jet grouting in cut-off walls (Yahiro et al., 1975) 
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Appendix  3-4 Jet grouting applications (Yahiro et al., 1982) 
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Appendix  3-5 Differences between SSS-MAN method and other three jet grouting methods(Miki & Nakanishi, 

1984) 

Method  

Chemical churning 

pile method (CCP): 

a mixing method 

using a high speed 

grout jet 

Jumbo Jet Special 

Grout (JSG): a mixing 

method using a high 

speed grout jet 

enveloped by an air 

jet 

Column Jet Grout (CJG): a 

partial replacement method 

using a high speed water jet 

enveloped by air jet 

Super Soil Stabilization 

Management method (SSS-

MAN): reverse type 

replacement method using a 

high speed water jet 

enveloped by air jet 

Schematic 

diagram 

  
  

Outline of 

the 

method 

Uplift of a rotating 

horizontal grout jet 

with a supre high 

pressure (20MPa) 

mixes in-situ soil 

with grout and 

produces a 

cylindrically 

solidified body 

Uplift of a rotating 

high speed horizintal 

grout jet enveloped by 

air jet mixes in-situ 

soil with the grout and 

produces a large size 

cylindrycal solidified 

body 

Lifting of a rotating high 

pressure water jet 

enveloped by an air jet cut 

in-situ soil, which is 

partially removed by the 

uplift flow of the air and 

water. The excavation is 

filled with grout 

continuously supplied from 

a rod to produce a 

cylindrical solidified body 

A pilot hole is drilled by 

reverse circulation, then a 

rotation super high pressure 

(60MPa) water jet enveloped 

by air jet is lowered 

removing the cut soil through 

the reverse rod to produce an 

excavateion which is filled 

with grout after confirmation 

of the size 

Soil type 

Cohesive soil 

(N<5), sandy soil 

(N<15) 

Cohesive soil, sandy 

soil, gravelly soil 

Cohesive soil, sandy soil, 

gravelly soil 

Cohesive soil, sand soil, 

gravelly soil 

Important 

efficiency  

An improved 

diameter of 300-

500mm with a 

relatively uniform 

strength with 

uniformity are 

attainable 

An improved diameter 

of 800-2000mm and a 

high strength with 

uniformity are 

attainable 

An improved diameter of 

1500-3000mm and a high 

strength with uniformity 

are attainable 

A large cylindrical solidified 

body with a diameter of 

2000-4000mm is attainable. 

Concrete, clay, cement 

mortar, etc can be used as 

grout. The diameter of a 

body can be confirmed on 

the ground 
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Appendix  3-6 Construction steps of SSS-MAN jet grouting method (Miki & Nakanishi, 1984) 
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Chapter 4 LABORATORY JET 

GROUTING SETUP 

 

 

 

 

 

 

 

This chapter looks at the design procedure of the laboratory jet grouting setup, which simulates 

the entire jet grouting process. The laboratory jet grouting setup will be used to study the effect 

of jet grouting on the thermal and mechanical properties of a particular soil condition from the 

Edmonton area. 
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4-1. Introduction  

Due to the complexity of a number of parameters’ effects on soilcrete properties and the 

heterogeneity of the soil profile, designing soilcrete properties has been a huge challenge and 

complex task (Tinoco 2012). Many companies and researchers have been investigating how to 

(1) explain different jet grouting systems, jet grouting case histories in different projects, and 

modifications of jet grouting systems based on a particular project requirement (Alsayyedahmad 

1992); and (2) ways to evaluate the effect of different operational parameters, soil types, and jet 

grouting systems on soilcrete properties, However, no reliable and accurate method exists to be 

accepted by everyone (Brill, Burke, and Ringen 2003). Many different methods have been 

discussed to calculate and measure soilcrete properties in Chapter three, but those methods are 

rare and site-dependent, and involve many limitations in terms of jet grouting systems, soil types, 

and jet grouting operational parameters. The methods can be over-conservative and may affect 

project financials and the quality of the soilcrete. Generally, empirical relationships and methods 

ignore the effect of soil strength and hydrodynamic properties of the jet (Chu Eu Ho 2005). The 

theoretical calculations have not been experimentally verified yet, and using such approaches 

may lead the project to undesired results. In the past 10 years, very few researchers have tried to 

make a physical model of jet grouting in a laboratory to explain the process in more detail (Chu 

Eu Ho 2005; Ji 2008). Only a single fluid jet grouting with lower grout pressure and flow rate 

than actual values was used, and in that case, it was used to evaluate only the soilcrete diameter. 

Physical, mechanical, and thermal properties of the soilcrete have not been studied under the 

physical modeling of the jet grouting process. Recently, a few researchers have taken a novel 

approach to data mining to train an artificial neural network model with previous data from 

different jobsites and conditions. The goal was to predict the soilcrete properties in a new jobsite 

with totally different conditions (B. Nikbakhtan, Apel, and Ahangari 2014a; B. Nikbakhtan, 

Apel, and Ahangari 2014b; Tinoco 2012; Tinoco, Gomes Correia, and Cortez 2011a; Tinoco, 

Gomes Correia, and Cortez 2011b; Tinoco, Gomes Correia, and Cortez 2012). These approaches 

depend significantly on the data used to train the model. Therefore, during the prediction, if there 

is a huge variance in jet grouting operational parameters, soil conditions, and grout type between 

the previous and current data, the prediction will not be precise enough to rely on. The trial jet 

grouting approach is expensive, time-consuming and site-dependent, which means there is no 
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chance to modify operational parameters when new ground conditions are encountered. As a 

result, the approach may not always lead to desirable results.  

Also, due to  the very fast growth of urbanization and industrialization, every piece of ground 

may be required for construction purposes (S. Y. Liu et al. 2008). With the rapid development of 

high-rise and municipal construction such as subways, tunnels, and basements in the major 

Alberta cities of Edmonton and Calgary, the availability of areas with good ground and soil 

conditions decreases. Sometimes structures must be built on peaty and weak soils. In such 

situations, it is important to ensure safe and prompt ground conditions for construction. The main 

goal of jet grouting is to improve physical, mechanical, and/or thermal properties of a wide range 

of soils, which consequently reduces ground settlement, deformation, permeability, and heat and 

energy loss in different projects (J. L. Wang, Wang, and Wang 2009). Although the jet grouting 

technique has been used for large-scale projects in the past, with the introduction of relatively 

inexpensive equipment with low maintenance costs and high reliability, its use in small projects 

has increased. Its ability to underpin deep foundations, even near active buried utility lines under 

safe conditions, without needing to open excavations, makes the method a highly desirable 

ground improvement technique for use in municipal areas (Bedenis, Jedele, and Maranowski 

2005). Implementing trial jet grouting and finding a particular ground condition with the same 

properties as a major jobsite in a municipal area with limited working space is impossible and 

impractical because of the presence of surrounding structures and underground utilities (Haider 

and Byle 2000). The need to precisely evaluate jet grouting performance and soilcrete properties 

before an actual project remains crucial. 

The best way to evaluate jet grouting performance and soilcrete properties is to conduct a 

laboratory experiment simulation of jet grouting in a particular soil condition with actual jet 

grouting parameters and equipment (Ji 2008). However, actual jet grouting equipment is too big 

to be used in a laboratory. A decision was made for this project to design and build laboratory jet 

grouting equipment that would have almost the same ability as actual field equipment but with a 

reduced footprint and cost. To the author’s knowledge, to date, no laboratory setup is available 

for evaluating double and triple fluid jet grouting, which are the most complicated and efficient 

jet grouting methods. Constructing a complete physical model of the jet grouting system 

simulates the entire process in a laboratory environment where all parameters can be taken into 

account together. In the current dissertation, the triple fluid jet grouting system will be modeled 



114 

 

to study the thermal and mechanical properties of the soilcrete in cohesive soil. An advantage of 

choosing cohesive material is that the hydraulic conductivity of the cohesive soil is low. There is 

no bleeding or permeation into the surrounding area (Chu Eu Ho 2005) so the boundary of jet 

grouting can be precisely determined. 

 

4-2. Jet grouting laboratory experiment design 

Figure  4-1 shows the necessary equipment to implement the jet grouting technique in the field. It 

includes five major parts: (1) cement bins; (2) batching plant, which includes water tanks 

(Figure  4-2); (3) high pressure water (Figure  4-3) and grout (Figure  4-4) pumps with air 

compressors (Figure  4-5); (4) panel control board of jet grouting operational parameters 

(Figure  4-6); (5) drilling rig, which includes jetting rod (Figure  4-8) and monitor (Figure  4-9), 

withdrawal and rotating motions, nozzles (Figure  4-10), swivels (Figure  4-7) to separate grout-

air in a double fluid system and to separate grout-air-water in a triple fluid system, and high 

pressure hoses (Lunardi 1997). The jetting rod and monitor in the double and triple fluid system 

have a coaxial and triple-duct to allow the separate flow of air-grout and air-grout-water, 

respectively. On the jetting monitor there is a nozzle for air, grout, and water.  

Based on the actual jet grouting equipment and procedure, laboratory equipment for the triple 

fluid jet grouting system has been designed to simulate the actual process as much as possible. 

However, as discussed in Chapter three, the main task of shrouded-air is to help the jetting action 

to be more effective in improving the erosion distance and consequently the diameter of the 

soilcrete. The presence of air bubbles in the soilcrete structure will have a negative effect on the 

soilcretes’ mechanical properties. Also, mixing the grout with expanded lightweight perlite 

(ELP) may reduce the mechanical properties while increasing the air voids throughout the 

soilcrete. Therefore it is expected that the reduction in the mechanical properties will be an issue. 

On the other hand, there are many constraints regarding the size of the laboratory jet grouting 

mixing tank. If a large diameter tank is manufactured, more soil is required to fill the tank. This 

will increase the weight of the tank. Also, there is no need to build a very large diameter of 

soilcrete specimens in the laboratory experiment. Moreover it would be very expensive to 

manufacture a coaxial water duct shrouded with air. Hence, compressed air will not be used in 

order to make the procedure more practical and simplify the process of manufacturing the 

equipment and nozzles, and also to keep the expenses as low as possible.  
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Laboratory equipment contains eight main components: a high-pressure pumping plant, grout 

mixer plant, water and grout swivel and rotary union, jetting monitor and nozzles, high-pressure 

hoses, rotating and withdrawal systems, relief valve, and mixing tank. Because this is a relatively 

large project for a laboratory, many price quotes regarding pumps, withdrawal and rotating 

mechanisms, swivels, nozzles, and manufacturing of the test tank were requested from specialists 

in the United States, Canada, and Japan (Table  4-1). The cost of the actual triple fluid jet 

grouting system is $417,979.45CAD, according to a well-known jet grouting specialist (YBM 

Co. Ltd). Based on experience, quote estimates, feasibility, accessibility, and technical and 

economic factors, the John Brooks Company Ltd (JBCL) was chosen to manufacture the 

equipment. Although the author created an initial design, a complete design was finalized after 

numerous meetings with JBCL engineers and University of Alberta Machine Shop technicians. 

The overall cost of the manufacturing was expected to be around 30,000.00 CAD. Engineering 

aspects of manufacturing and the selection of parts such as pumps and cavitation effects and 

head loss, motors, nozzles, rods, couplings, and electrical designs, were done by JBCL and are 

not the focus of the dissertation.  

The laboratory jet grouting experiment was designed with two positive displacement diaphragm 

pumps to pump high pressure water (up to 2500 psi) and the grout mixture (up to 300 psi) into 

two separate solid stream nozzles. The nozzles were connected to the end of the piping assembly, 

a so-called monitor, to simultaneously rotate and rise vertically along a linear slide track. The 

laboratory experiment was designed in such a way that the speed of each pump can be controlled 

through variable frequency drives (VFD) to control the flow rate. Pressure delivered to each 

nozzle can be controlled by adjusting the pressure relief valves installed on the discharge of each 

pump. The rotating and lifting speed of the nozzles can be adjusted through a variable speed 

controller drive (VSD). The flow and pressure can also be adjusted by using nozzles of different 

shapes. The laboratory experiment can be specifically used for to test the effects of several 

adjustable operating parameters on soilcrete properties. The major components of the laboratory 

experiment are: a model D04 pump with 7.5-horsepower, 1750 rpm, and 208-230 volts motor 

(water); a 7.5-horsepower NEMA VFD; a model M03 pump with one-horsepower, 1750 rpm, 

and 208-230 volts motor (grout); a one-horsepower NEMA VFD; two  pressure relief valves; a 

polyethylene water supply tank (65 US gallons); a polyethylene grout supply tank (65 US 

gallons); a mixer with 1/2-horsepower motor (mounted above grout tank); a jetting tank with 
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custom cover (42 inches diameter and 40 inches height); a 1/4-horsepower 90 VDC motor with 

winding spool for vertical motion; a VSD speed controller for vertical motion; a 1/4- horsepower 

90 VDC motor with sheaves for rotational motion; a VSD speed controller for rotational motion; 

a flow meter calibrated for water; a flow meter calibrated for grout mixture; a two-port rotary 

union with 1/2-inch NPT connections; a rotating assembly; two 1.5 mm custom spray nozzles; 

two 2.5 mm custom spray nozzles; a PW1/4M0004 model solid stream nozzle; and a 

PW1/4M0003 model solid stream nozzle. The final plan and front view of the laboratory 

experiment are illustrated in Figure  4-11 and Figure  4-12. The following sections explain the 

design criteria of each component in more detail. 

 

4-3. High pressure pumping plant 

The main components of the water jet application are the water storage tank, pump, delivery 

pipe, control valve, relief valve, and nozzles (Ji 2008). The water passes through the pump and is 

pressurized into the delivery pipe and then into the nozzles. The nozzles have a smaller orifice 

diameter than the pipes; thus the velocity of water is being accelerated to pass the nozzles. At the 

same time, the control valve controls the amount of water that flows toward the nozzles. The 

relief valve is designed for safety reasons, to divert extra water to the storage tank to prevent any 

water build-up. Any water jet application shall be designed based on a particular task. Table  4-2 

illustrates some examples of water jet applications.  

The selection of the water and grout pump shall be based on the application and amount of 

energy needed. A high flow rate means more energy can be delivered and is beneficial for more 

applications. However, the rate must be carefully chosen based on many factors of a particular 

task; otherwise, it can raise the operational cost and volume of water usage. Generally, pumps 

are divided into positive displacement and hydraulic intensifiers. Positive displacement or 

plunger pumps are piston-driven mechanisms, which can be used with low to intermediate 

pressure. This means that the flow rate and pressure are in the ranges of 70 to 2000 bar and 10 to 

2000 L/min (Labus 2001; Vijay 2001). Applications such as cleaning, mining, material cutting, 

hydro-demolition, and jet grouting use the same flow rate and pressure. The plunger pump was 

used in this laboratory experiment. If the pump runs with same speed, the flow rate and pressure 

are consistent. However, the plunger diameter can be modified to produce different flow rates 

and pressures. Based on the number of plungers, there is a variation in the flow rate 
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(Figure  4-13). The amount of variation becomes smaller with a higher number of plungers. A 

three-plunger or triplex pump is the most common (Ji 2008), and was used in the current 

laboratory experiment.  The power output of plunger pumps is calculated using Equation  4-1: 

 

Equation  4-1 

P = Q × p 

 

Where,  P: power output from the plunger pump (Watt) 

  Q: flow rate (m3/s) 

  p: operation pressure (Pa) 

 

Power output can be expressed as kW with Equation  4-2: 

 

Equation  4-2 

P = 0.00167 × Q × p 

 

Where:  P: power output from the plunger pump (kW) 

  Q: flow rate (Lit/min) 

  p: operation pressure (bar) 

 

The internal leakage and friction of the plunger pump can cause some drop in output pressure; 

thus, the efficiency of plunger pump calculated using Equation  4-3 is always less than one and is 

typically between 85 and 92 % (Ji 2008). 

 

Equation  4-3 

ƞ =
P

Pin
× 100% 

 

Where,  ƞ: efficiency of the pump, % 

  P: power output from the pump, Watt 

  Pin: power input to the pump, Watt 
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Another pressure/head loss occurs when pressurized water is delivered through the pipes to reach 

the nozzles. Basically, this is the major head loss. The selection of pipe material and size shall be 

done carefully in consideration of the flow rate and operating pressure. However a safety factor 

of 2.5 must be always considered for the bursting pressure of pipes based on maximum operation 

pressure (WJA 2002). For any straight portion of pipe, head loss is considered as mechanical 

energy converts to internal energy. In laminar flow (Re < 2000) and turbulent flow (Re >

3000), the conversion is caused by the viscous resistance to flow, and dissipation of the 

turbulence energy, respectively. Head loss in a pipe is calculated using Equation  4-4 (Ji 2008). 

 

Equation  4-4 

∆p = f.
ρw. v

2

2
.
LH
DH

 

 

Where,  ∆p: pressure loss in the pipe, Pa 

f: friction factor, dimensionless 

  ρw: density of water, kg/m3 

v: flow velocity in the pipe, m/s  

LH: pipe length, m 

DH: pipe diameter, m 

 

For laminar flow:  

 

Equation  4-5 

f =
64

Re
 

 

Equation  4-6 

Re =
ρw. DH. v

μ
 

 

Where,  Re: Reynolds number 
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  μ: dynamic viscosity of water, Pascal. sec (
kg

m
. s) 

 

For turbulent flow, a value of f can be calculated from the Moody diagram which plots f against 

the Reynolds number. However, there are some empirical equations to calculate this value. 

Equation  4-7 can be used for most commercial high water pressure applications for Re ranging 

from 4,000 to 100,000. 

 

Equation  4-7 

∆p

LH
=

712 × Q2

DH
5 × Re0.25

 

 

Where,  ∆p: pressure loss in the pipe, bar 

Q: flow rate, m 

  ρw: density of water, kg/m3 

LH: pipe length, m 

DH: pipe diameter, m 

  Re: Reynolds number, dimensionless and for water = 21115 ×
Q

DH
 

 

Equation  4-8 can be derived by substituting Re in Equation  4-7. Pressure loss is highly pipe 

diameter-dependent, which means that with a small increase in the pipe diameter, the head loss 

will decrease (Ji 2008). However, head loss is dependent on pipe length as well. Thus, to reduce 

the head loss, a pipe with a large internal diameter and short length is recommended. Head loss 

also occurs in fitting and valves. The value for such losses can be found in the manufacturer’s 

guide for fittings and valves. However, Momber (1998a) stated that the pressure loss for any pipe 

fitting is equivalent to three meters of pipe length of the same diameter.  

 

Equation  4-8 

∆p

LH
=
59.1 × Q1.75

DH
4.75  
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In field operations, typically very high capacity pumps operate at a pressure between 2900 to 

8700  psi (20 to 60 MPa),  to produce high flow rates of 17 to 48 gpm US (70-180 lit/min). The 

fluid velocity is typically between 200 to 350 m/sec. Regarding the selection of the water and 

grout pumps, all head losses must be calculated and taken into consideration. P Croce and Flora 

(2000) stated that a reduction factor of α = 0.8 can be applied to pump pressure to account for 

all head losses in the line and nozzles. Available pressure at the nozzles (Pi) can be defined as 

follows:  

 

Equation  4-9 

Pi = αPpump 

 

There is another hydrostatic pressure in the borehole at the nozzle outlet caused by slurry and is 

given by: 

 

Equation  4-10 

 Pstatic = ρslurrygh 

 

Where,  ρslurry: slurry density in borehole 

g: acceleration due to gravity 

h: depth of the nozzle 

 

C. E. Ho (2008) stated that additional pressure is needed to keep the upward flow of the slurry in 

the borehole and can be accounted for by applying a multiplying factor of β > 0. Total pressure 

at nozzle outlet (Po) can be expressed as follows. 

 

Equation  4-11 

Po = (1 + β)Pstatic 

 

However, in a normal jetting condition, Pi is several orders of magnitude higher than Po. Thus, 

the jet penetration distance is independent from the value of β.  
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In the current laboratory experiment, due to the high volume of containment that will be 

produced and issues with disposal, it is not practical to use such a high flow rate as a field 

operation. However, an attempt was made to use the maximum possible pressure and flow rate in 

the laboratory experiment, taking into consideration the current facilities, feasibilities, and 

budget. For the water pump, a high pressure triple-plunger electrical pump (D/G-04-X) with a 

7/8-inch (22.22mm) shaft diameter was chosen (Figure  4-14 and Figure  4-15). The maximum 

pressure and flow rate of the pump at a maximum speed of 1790 rpm is 2500 psi (170 bars) and 

2.9 gpm US (11.0 lit/min). Based on the manufacturer’s guidelines (Equation  4-12), a 7.5-HP 

TEFC three-phase AC motor was chosen to drive the pump. A VFD MA7200 was used for 

precise speed and torque control of the water pump, to be able to produce different pressures and 

flow rates. The inlet of the water pump was linked with a storage water polyethylene tank with a 

capacity of 65 US gallons using an SS flex house with a one-inch diameter. For a safety control, 

the outlet pipe from the pump was linked with a high pressure relief valve with a 3/4-inch 

diameter set to 2500 psi, which was connected to a circulate pipe that leads back to the water 

tank. All specifications of the water pump and motor, relief valve and VFD are shown in 

Appendix  4-1 to Appendix  4-4. 

 

Equation  4-12 

electric motor HP =
6 × rpm

63000
+

gpm × psi

1460 − (
psi − 500
20 )

 

 

For the grout pump, an intermediate pressure triple-plunger electrical pump (D/G-03-X) with a 

7/8-inch (22.22mm) shaft diameter was chosen (Figure  4-16 and Figure  4-17). The maximum 

pressure and flow rate of the pump at a maximum speed of 1750 rpm is 250 psi (17 bars) and 3.0 

gpm US (11.3 lit/min). Based on the manufacturer’s guidelines, (Equation  4-13) a 1-HP TEFC 

three-phase AC motor was chosen to drive the pump. A VFD MA7200 was used for precise 

speed and torque control of the grout pump to be able to produce different pressures and flow 

rates. The inlet of the grout pump has been linked with a storage grout polyethylene tank with a 

capacity of 65 US gallons using an SS flex house with a two-inch diameter. For a safety control, 

the outlet pipe from the pump was linked with a high pressure relief valve with a 3/4-inch 
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diameter set to 500 psi, which was connected to a circulate pipe back that leads back to the grout 

tank.  

 

Equation  4-13 

electric motor HP =
6 × rpm

63000
+
gpm × psi

1460
 

 

To mix the water and cement in the grout tank, a Neptune mixer with 1/2-HP motor with 32 

inches of shaft length and a 5/8-inch shaft diameter was chosen and mounted on a steel frame on 

top of the grout tank. In addition, two flow meters and pressure gauges were designed and placed 

in both the water and grout lines to monitor both the flow and pressure after the fluid was 

pressurized (Figure  4-18). Another two pressure gauges were placed on top of the rod before the 

rotary union to measure fluid pressures before they pass through the monitor to reach the nozzles 

(Figure  4-19). The maximum working pressure of the water and grout pressure gauges is 3000 

psi and 600 psi, respectively. The water and grout flow meters were designed for 1-cps liquid 

with 1/4-inch diameter and 10-cps liquid with 1/2-inch diameter, respectively, with accuracy of 

2% and maximum line pressure of 3000 psi (Figure  4-20).  

All specifications of the grout pump and motor, mixer, relief valve and VFD are shown in 

Appendix  4-4 to Appendix  4-9. 

To calculate the head loss, the dynamic viscosity of the fluid is required. The viscosity is known 

for the water, but has to be measured for the grout. To confirm the reduction factor of α = 0.8, 

head/pressure loss was calculated for the water line using a Pressure Drop open source 

calculator. To make this calculation, the whole piping assembly line from the water and grout 

pumps through to the nozzles was taken into consideration as follows. 

 

Water pump Grout pump 

Steel nipple pipe ½ inch diameter 6 inch, 3000 

psi 

Steel nipple adapter, 3/8 inch * 1½ inch, 3000 

psi 

Steel reducer coupling, 3/8 inch to ½ inch, 

3000psi 

Steel nipple pipe ½ inch diameter 6 inch, 3000 

psi 

Tee ½ inch * ½ inch * ¼ inch, 3000 psi Tee ½ inch * ½ inch * ¼ inch, 3000 psi 

Pressure gauge Pressure gauge 
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Adapter, ½ inch to ¾ inch, 3000 psi Adapter, ½ inch to ¾ inch, 3000 psi 

Relief valve, ¾ inch diameter Relief valve, ¾ inch diameter 

Reducer bushing, ½ inch to ¾ inch Reducer bushing,  ½ inch to ¾ inch 

Black pipe, ½ inch * 72 inch, 6000 psi Black pipe, ½ inch * 72 inch, 6000 psi 

Reducer coupling steel, ½ inch to ¼ inch, 

3000psi 
Tee ½ inch * ½ inch, 3000 psi 

Steel pipe, ¼ inch * 4 inch, 3000 psi Steel pipe, ½ inch * 4 inch, 3000 psi 

Flow meter Flow meter 

Steel pipe, ¼ inch * 4 inch, 3000 psi 

Reducer coupling steel, ½ inch to ¼ inch, 

3000psi 

Steel pipe, ½ inch * 14 inch, 3000 psi 

Steel pipe, ½ inch * 14 inch, 3000 psi 

Elbow Elbow steel, ½ inch, 4000 psi 

Vertical steel pipe, ½ inch * 120 inch, 3000 psi Vertical steel pipe, ½ inch * 120 inch, 3000 psi 

Black hose, ½ inch * 36 inch, 6000 psi Black hose, ½ inch * 36 inch, 6000 psi 

Tee ½ inch * ½ inch * ¼ inch, 3000 psi Tee ½ inch * ½ inch * ¼ inch, 3000 psi 

Pressure gauge Pressure gauge 

Black hose, ½ inch * 4 inch, 3000 psi Steel pipe, ½ inch * 16 inch, 3000 psi 

Rotary union Rotary union 

Black hose, ½ inch * 72 inch, 3000 psi Black hose, ½ inch * 72 inch, 3000 psi 

Elbow, ½ inch to 1 inch, 4000 psi Elbow, ½ inch to 1 inch, 4000 psi 

Steel pipe, 1 inch * 50 inch, 3000 psi Steel pipe, 1 inch * 50 inch, 3000 psi 

Reducer coupling, 1 inch * ½ inch Reducer coupling, 1 inch * ½ inch 

Elbow steel, ½ inch, 4000 psi Elbow steel, ½ inch, 4000 psi 

Elbow steel, ½ inch, 4000 psi Elbow steel, ½ inch, 4000 psi 

Elbow steel, ½ inch, 4000 psi Elbow steel, ½ inch, 4000 psi 

Nozzle Nozzle 

 

The overall head loss in the water line under a maximum flow rate was around 11 psi, which is 

around a 1/2-percent of the total pressure. Appendix  4-10 shows an example of the head loss 

calculations. Although the head loss can be considerably higher in the grout line because of grout 

high dynamic viscosity, head loss can be neglected because in the laboratory experiment, all 

pipes are short. However, as explained before, two pressure gauges were installed on top of the 

supporting frame to monitor the actual fluid pressures right before the fluid passes the rotary 

union towards the nozzles (Figure  4-19). The measured pressure on the gauges was taken into 

account as actual jetting pressures.  

 

4-4. Nozzles 

Even though nozzles are the smallest part of the jet grouting system, they are the most important 

(Labus 2001) and control the pressure distribution and pattern of the jetting, which determines 
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the system’s effectiveness (Kee and Kurko 1972). The water is pressurized in the pump and 

pushed towards the lines to pass out of the nozzle orifice. For a given flow rate, the size and 

geometry of the orifice control the velocity of water leaving the nozzle (Ji 2008). As discussed 

earlier, the entry angle, length of the straight exit section, and surface roughness of nozzles are 

the most important issues in the nozzle design (Vijay 2001). Nikonov and Shavlovsky (1961) 

and Summers (1995) suggested a nozzle design in Figure  4-21, which can produce a more 

coherent jet stream than other designs. Frank et al. (1972) stated that a nozzle with an internal 

angle of 11 degrees and a straight section of a three-nozzle diameter is optimal.  

For jet grouting applications, a nozzle with a narrowing angle of 13 degrees and a certain straight 

portion of 2.5 to three times the diameter has the best performance (Mitsuhiro Shibazaki 2003). 

Figure  4-22 shows a recommendation of the Japanese jet grouting association regarding nozzle 

design. In addition to nozzle design, a good flow condition before the nozzle is required to have 

an effective jetting. Nikonov and Shavlovsky (1961) and Vijay (2001) suggested using a large 

circular inlet pipe with a diameter of nine to 10 times the nozzle diameter and a straight length of 

40 to 50 times the inlet pipe diameter before the nozzle can minimize fluid turbulence. However, 

due to space constraints, these conditions are not possible in most jet grouting applications.  

The surface roughness of nozzles also affects the jetting performance. Barker and Selberg (1978) 

observed that a smooth finish of nozzles helps to produce a more coherent jetting stream over a 

longer distance. Electroformed nickel nozzles were generally better than brass and carbide 

nozzles. Roughness on the internal surface should not exceed 2.5 × 10−4 millimeters. 

The nozzle orifice size is also important in the effectiveness of the jetting system. For a given 

flow rate, any reduction in a nozzle outlet orifice will increase the jetting velocity, and 

consequently operational pressure to push the fluid will increase. Ji (2008) stated that a 10% 

reduction in nozzle diameter leads to a 23% increase in jetting velocity and a 52% increase in 

dynamic pressure, which means that a more powerful pump is required to drive the fluid.  

The exit velocity of cutting water (v0) with a nozzle pressure of Pi is given by Equation  4-14 

(Momber 1998b). cd is a dimensionless coefficient that accounts for transforming the potential 

energy into kinetic energy. It depends on the nozzle design and pump pressure. Its value is 

between 0.6 for poor nozzle design and 0.95 for good design (Summers 1995).  
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Equation  4-14 

v0 = cd√
2P

ρw
 

 

Where,  v0: jet velocity, m/s 

ρw: mass density of water, kg/m3 

cd: an efficiency parameter, dimensionless 

P: operating pressure (Pi − P0), Pa  

 

The flow rate is equal to the nozzle area multiplied by the jet velocity. Based on the maximum 

flow rate of the cutting water jet (Qw = 11 l/min) and the maximum computed water jet exit 

velocity (vo = 200 m/s) at maximum water pressure, the water nozzle diameter was estimated 

to be about one millimeter. Also, based on the maximum flow rate of the grout jet (Qg =

11.3 l/min) and the average computed grout jet velocity based on the different mixtures (vo =

50 m/s) at maximum grout pressure, the grout nozzle diameter was estimated to be about two 

millimeters.  

All jetting lines from the output of the pumps into the pressure gauges through the relief valves 

and the flow meters were 1/2-inch black hoses with a maximum operating pressure of 6000 psi. 

From the flow meters to the top of the supporting frame where the jetting lines were connected to 

the rotary union, steel pipes with a 1/2- inch diameter and maximum working pressure of 3000 

psi were used. To meet the criteria of having a large pipe diameter of nine to 10 times the nozzle 

diameter for the nozzle with a one to 2.5 millimeters diameter, steel pipes with one-inch diameter 

and maximum working pressure of 3000 psi from the rotary union to nozzles were chosen to 

reduce the turbulence flow as much as possible. However, since the fluid is injected horizontally 

and the monitor was placed vertically, it was not possible to have a straight section of 40 to 50 

times the pipe diameter before the nozzle.  

Four carbon steel nozzles were designed and manufactured for water and grout lines 

(Figure  4-23). Figure  4-24 and Table  4-3 show the specifications of the nozzles. All of the 

nozzles have a convergence angle of 13 degrees. Based on previous studies (Ji 2008), the cone 

section length where the fluid is accelerated through the orifice was determined to be seven times 
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the nozzle diameter, D, (L2 = 7D), and the straight section before the orifice was considered to 

be four times the nozzle diameter (L3 = 4D). Another two PW nozzles with smaller orifice sizes 

were chosen for water (030) and grout (040) lines (Figure  4-25). Table  4-4 shows the 

performance of these two nozzles under different pressures. All specifications of the PW series 

of nozzles are shown in Appendix  4-11. In the experiment, one pair of nozzles was used in jet 

grouting based on its performance on a particular soil condition.  

Jet velocity can also produce reaction force; however, one of the advantages of a water jet is that 

the reaction force is relatively low, even in high pressure operations. Reaction force can be 

calculated using the impulse law of flow continuity as shown in Equation  4-15 (Momber 1998a). 

The reaction force for a water jet with pressure of 400 bar and a flow rate of 20 L/min is only 

94N.  

 

Equation  4-15 

FR = İj = ṁ. vj = (ρw. Q). √
2P

ρw
= Q.√2P. ρw  

 

Where,  FR: reaction force, N 

İj: jet impulse flow, N 

ṁ: water mass flow rate, kg/s 

vj: jet velocity, m/s 

ρw: density of the water,  kg/m3 

Q: flow rate, m3/s 

P: operating pressure, Pa 

 

4-5. Vertical motion mechanism 

To have a very smooth vertical movement, both solid pipes (monitor) were mounted on a uni-

guide track with a two-piece aluminum design. The result is a unique assembly that eliminates 

tolerance stack-up, and dampens the shock loads. The maximum static load capacity of the uni-

guide is 1000 lbs. After mounting the monitor on the uni-guide, the whole system was attached 

to a 1/4-HP gear motor with a maximum of 8 rpm using a swivel and a 25ft 3/16-inch steel cable 
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with a maximum working load of 800 lbs to produce vertical movement on the monitor 

(Figure  4-26 and Figure  4-27). Appendix  4-12 illustrates the specifications of the gear motor. 

The gear motor was connected with a VSD to control the speed of the motor, which 

consequently controlled the withdrawal rate. The design specification of the VSD unit is 

presented in Appendix  4-13. 

The motor and winding spool must be securely anchored to the floor or a heavily weighted skid 

to provide sufficient counterweight for the rotating and lifting assembly (Figure  4-28). JBCL 

suggests that the motor should be oriented so that the winding spool is pointing frontward and is 

positioned more than halfway to the front from the back of the frame. This will encourage the 

cable to wind properly onto the spool rather than bunching up at the far end (Figure  4-29). 

Appendix  4-14 illustrates the Uni-Guide vertical motion data sheet. 

 

4-6. Rotation motion mechanism 

To separate the water and grout lines, a rotary union was used. All piping assembly from the 

pumps’ side was connected to a two-passage rotary union where separate rotations of the monitor 

and rod pipes are possible, while the piping assembly on the pump hand side is constant 

(Figure  4-30). The specification of the rotary union is shown in Appendix  4-15. To rotate the 

monitors on the rotary union, the V-belt mechanism was used with a connection to a 1/4 HP gear 

motor (Figure  4-31). Appendix  4-16 illustrates the specifications of the gear motor. The gear 

motor was connected to a VSD to control the speed of the motor, which consequently controlled 

the rotation speed. The design specification of VSD unit is presented in Appendix  4-13. 

 

4-7. Jet grouting mixing tank 

A custom-made jet grouting tank that is 42 inches in diameter and 40 inches high was designed 

based on the laboratory feasibilities and the nature of jet grouting (Figure  3-32). As discussed 

previously, cohesionless soils are easy to cut and erode because they have only moisture as a 

binder and nothing else. However, clays are difficult to erode because they have cohesion. Clays 

are generally eroded in chunk pieces, which are larger than the size of a grain of sand. Since 

uplift velocity is not great enough to exhaust these particles to the ground surface, annulus 

plugging can occur. To prevent this, casing was modeled on the cap of the tank to accelerate the 

outflow of the spoil material. The casing was connected to the spoil material-collecting drums 
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(Figure  4-33 and Figure  4-34). Four holes were designed on the perimeter of the tank to allow 

the entry of compressed air and simplify the procedure to demold the hardened soilcrete after the 

jet grouting process. After the jet grouting, all of the bolts can be removed from the bottom of the 

tank. Using the other four chain hooks around the tank, the whole tank can be removed and the 

hardened soilcrete will be left on the bottom of the tank for further investigation.  

 

4-8. Control panel 

A control panel was designed to control all jet grouting operational parameters at the same time 

using all VFD for the water and grout pump, speed controller for vertical and rotational motions, 

and mixer motor and emergency stops for each motor (Figure  4-35). The electrical configuration 

of the system was designed by JBCL and is shown in Appendix  4-17. 

. 
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Table  4-1 Jet grouting equipment quotes 

                                        

                                           

Company 

Components 

Equipment Type 

Field Laboratory 

YBM CO., 

LTD 

John 

Brooks 

CO., LTD 

Different Companies and Manufacturers  

Water pump $84,554.00 
$4,931.00 

$58,000.00
1
 $4,795.00

2
 $3,851.00

3
 $72,873.00

4
 

Grout pump $43,539.00 $22,283.91
5
 $24,314.00

6
 

Je
t 

G
ro

u
t 

M
ac

h
in

e 

Electrical 

$141,344.00 

$2,933.00 $2,933.00
7
 

Rotation 

mechanism 

Rotation 

swivel 
$1,380.00

8
 $2,285.00

9
 

Gear-

motor & 

other 

parts 

$3,967.00 $3,967.00
10

 

Vertical motion 

mechanism 
$1,875.05 $4,398.00

11
 

Wooden frame $1,106.00 $1,106.00
12

 

Nozzles $25,320.00 $2,064.00 $2,064.00
13

 

Mixing plant/Mixer $103,484.00 

$6,860.55 $39,300.00
14

 Water, grout, test & disposal 

tank & pipes 
$4,391.00 

Spare parts for pumps & 

J.G. tools 
$7,131.00 $1,610.00 $1,610.00

15
 

Shipping and insurance $8,216.45 - - - - - 

TOTAL (CAD) $417,979.45 $26,726.60 $137,946.91 $84,741.91 $83,797.91 $154,850.00 

 

Table  4-2 Water jet applications (Summers 1995) (adopted from (Ji 2008)) 

Application Operational Pressure (bar ) Flow Rate ( L /min ) 

Car Washes & Cleaning 70 20 

Coal & Rock Mining 70 4000 

Industrial Cleaning 140~1400 20 

Mining & Demolition 700~1000 40~200 

Industrial Machining 2000~4000 4 

Impulse Fragmentation 2000~7000 40~80 

Special Applications >70000 Varied flow 

 

 

 

                                                 
1
 Con-Tech Systems LTD. 

2
 Renown Industries LTD. 

3
 Rotating Right INC. 

4
 TDH Fluid Systems INC. 

5
 Wajax industrial components LP 

6
 TDH Fluid Systems INC. 

7
 Assumption: the same as the John Brooks Co., LTD 

8
 Rotary Systems, Inc. 

9
 Dynamic Sealing Technologies, Inc. 

10
 Assumption: the same as the John Brooks Co., LTD 

11
 Newmark Systems, Inc. 

12
 Assumption: the same as the John Brooks Co., LTD 

13
 Assumption: the same as the John Brooks Co., LTD 

14
 Con-Tech Systems LTD. 

15
 Assumption: the same as the John Brooks Co., LTD 



130 

 

Table  4-3 Specifications of designed nozzles (mm) 

 Fluid D  T D0 T0 L1 L2 L3 L4 L1 + L2 + L3 B 

water  
1.5 7.5 3.89 6.30 16.5 10.5 6 

15 33 13 
2.5 7 6.49 5.01 5.5 17.5 10 

grout  
1.5 7.5 3.89 6.30 16.5 10.5 6 

2.5 7 6.49 5.01 5.5 17.5 10 

 

Table  4-4 Nozzle performance in different pressure 

Nozzle  

size 

Orifice  

Dia., 

mm 

GPM @ PSI 

100 200 250 400 600 800 1000 2000 3000 4000 5000 

030 1.09 0.47 0.67 0.75 0.95 1.16 1.34 1.5 2.12 2.6 3.00 3.35 

040 1.32 0.63 0.89 1.00 1.30 1.55 1.79 2.00 2.83 3.46 4.00 4.47 
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Figure  4-1 Equipment required to perform jet grouting treatment (Lunardi 1997) 

 

 
Figure  4-2 Agitator and mixing unit to mix the grout; internal diameter 96cm; depth 90cm 

 

 
Figure  4-3 Water high pressure pump; maximum pressure: 50MPa and maximum flow rate: 70lit/min 
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Figure  4-4 Grout high pressure pump 

 

 
Figure  4-5 Air compressors 

 

 
Figure  4-6 Control panel of jet grouting operational parameters  
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Figure  4-7 Water, grout and air swivel jointed to the rod 

 

 
Figure  4-8 Triple-duck cross section of triple fluid jet grouting rod  

 

  
Figure  4-9 Triple fluid jet grouting monitor  
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Figure  4-10 Water, air, and grout nozzles in triple fluid monitor 
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Figure  4-11 Plan view of laboratory experiment 
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Figure  4-12 Front view of laboratory experiment 
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1A) Water pump (DO4XABTHFEHG) 

2A) 7.5HP TEFC motor (PDH7/504TE2N) 

1B) Grout pump (M03XKBTHFEHA) 

2B) 1HP TEFC motor (CEM3546) 

3) Hydrocell coupling (A04-022-1202) 

4A) Relief valve for water pump (C62ABBVSSEF) 

4B) Relief valve for grout pump (C22AABASSEF) 

5) ½ inch diameter hoses × 72 inches long with coupling (S3330278 109-08LMLM/72” with 0808-08-08) 

6) 3000 psi pressure gauge (025FF03000EX) 

7) ½ inch diameter hoses × 144 inches long (S3330278 109-08LMLM/144”) 

8) 2" × 36" SS flex hose (HOSE2-77012) 

9) 1" × 36" SS flex hose (HOSE1-77012) 

10) 600 psi Pressure gauge (025FF00300) 

11) SS65 Tank (SS65-Grout Tank) 

12) SS65 Tank (SS65-Water Tank) 

13) B3.0 Mixer (B3.0) 

14) M38 Shaft coupling (A04-038-1203) 

15) Custom tank (Q12-1339-R4) 

16) 1/4HP 90VDC motor (10870000) 

17) Water flowmeter 1 cps liquid ¼ inch diameter (2221FGS-1E-2.5B-C-0-5-W) 

18) Grout flowmeter 10 cps liquid ¼ inch diameter (2321FGS1E25BC0663GPMS) 

19) Rotating and lifting assembly (S1920 Rotating Assembly) 

20) 1/4 HP 90 VDC motor (M1135042) 

21) ½”2 port rotary union (12-N-23212) 

22) Nozzles (Nozzles-77012) 

23) Spool mounted to motor shaft (2IN Winding Spool) 

24) Steel drum (10758) 

25) Steel cable (25FT×3/16 INWSWIVEL HOOK) 

26) ½ inch diameter hoses × 60 inches long with coupling (S3330278 109-08LMLM/60” with 0808-08-08) 

27) Wooden skid 48" × 48" × 8.5" (S1920 SUPPORT SKID) 

 

 
Figure  4-13 Flow variation for different plunger numbers (Gronauer 1972) (adopted from (Ji 2008)) 
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Figure  4-14 Water pump and motor 

 

 
Figure  4-15 Water jetting plant 

D04 Water pump  

Recirculation line back to top of 

tank 

Discharge line to water 

nozzle (pipe assembly 19 

and 17) 

7.5HP 1750rpm 208-230V 

motor 

0 - 3000psi pressure 

gauge  

Suction line from tank  

Pressure relief valve - 500-

2500psi range 
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Figure  4-16 Grout pump and motor 

 

 
Figure  4-17 Grout jetting and mixing plant 

M03 Grout pump  

Recirculation line back to top of 

tank Discharge line to water 

nozzle (pipe assembly 18 

and 16) 

1HP 1750rpm 208-230V 

motor 

0 - 600psi pressure 

gauge  

Suction line from tank  

Pressure relief valve - 50-

500psi range 



140 

 

 
Figure  4-18 Flow meters in grout and water line 

 

 
Figure  4-19 Pressure gauges on top of the frame before rotary union 

 

 
Figure  4-20 Grout mixing plant 



141 

 

 
Figure  4-21 Optimal nozzle design (Ji 2008) 

 

 
Figure  4-22 Nozzle design for jet grouting (JJGA 2005) 

 

  
Figure  4-23 Designed nozzles with bigger orifices 

 

 
Figure  4-24 Nozzle geometry (Ji 2008) 
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Figure  4-25 PW nozzles with smaller orifice sizes  

 

 
Figure  4-26 Uni-Guide assembly and steel cable of vertical motion 

 

Uni-Guide assembly  

 

Steel Cable 

 

Steel Cable 

 

Steel Cable 
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Figure  4-27 Rotational and vertical motion 

 

 
Figure  4-28 Vertical motion motor 

 

Grout Nozzle 

 

U-Bolts 

 

U-Bolts 

 

Wood 

Shim 

 

Water Nozzle 

 

Top hose connection 

 

Rotating plate 

 

Swivel 

 



144 

 

 
Figure  4-29 Vertical motion motor position and orientation 

 

  
Figure  4-30 Rotary union assembly 

 

Vertical Motion Motor and 

Winding Spool position and 

orientation  

 

Rotary union 

Front of Support Frame  

Steel cable for vertical motion 

Grout line from 

pump side 

Water line from 

pump side 
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Figure  4-31 V-belt mechanism for rotational motion 

 

Rotary gear motor 

V-Belt mechanism  

Rotary union 

Rotating plate 
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Figure  4-32 Jet grouting mixing tank 
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Figure  4-33 Jet grouting mixing tank Cap 

 

 
Figure  4-34 Modeling of casing on the cap of the jet grouting mixing tank 

 

To the spoil material 

collecting drums 

Modeled casing on the cap of the 

jet grouting mixing tank 
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To the spoil material 
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Jet grouting 
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Jet grouting 
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Tank cap 
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Figure  4-35 Control panel box of laboratory jet grouting setup 
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Appendix  4-1 Water pump data sheet 
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Appendix  4-2 Water pump motor data sheet 
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Appendix  4-3 Pressure relief valve of water pump data sheet 
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Appendix  4-4 Water and grout pump motor VFD data sheet 
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Appendix  4-5 Grout pump data sheet 
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Appendix  4-6 Grout pump motor data sheet 
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Appendix  4-7 Pressure relief valve of grout pump data sheet 
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Appendix  4-8 Grout mixer data sheet 
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Appendix  4-9 Flow meter data sheet 
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Appendix  4-10 An example of head loss calculation 
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Appendix  4-11 PW series nozzle data sheet 
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Appendix  4-12 Vertical motion gear motor data sheet 
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Appendix  4-13 DC speed controller data sheet 
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Appendix  4-14 Uni-Guide vertical motion data sheet 
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Appendix  4-15 Rotary union data sheet 
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Appendix  4-16 Rotational motion gear motor data sheet 
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Appendix  4-17 Electrical configuration of the laboratory jet grouting experiment 
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Chapter 5 DEVELOPMENT OF 

THERMAL-INSULATING GROUT 

 

 

 

 

 

 

 

This chapter discusses the development of thermal-insulating grout for a jet grouting operation. 

Based on theoretical values obtained from literature about the jet grouting technique, five 

different grout mixtures were developed and hand-mixed with in-situ soil samples obtained from 

a particular project in Edmonton, Alberta, Canada. Many laboratory geotechnical tests were 

carried out on hand-mixed soilcrete samples to find an optimal mixture, which resulted in better 

thermal, physical, and mechanical properties of soilcrete.  
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5-1. Introduction  

Insulating concrete mixtures with expanded lightweight perlite (ELP) have been used in different 

thermal insulating projects in hot deep mines and underground structures. ELP can also be used 

to develop a new thermal-insulation grout mixture for jet grouting. 

GSS Geothermal Ltd., in cooperation with the University of Alberta in Edmonton, Canada, has 

worked on the Southwood 19-acre townhome rental community project in southeast Edmonton, 

aiming to increase the underground energy reservation and optimize the boreholes design. The 

current research focused in part on this project. GSS Geothermal Ltd. provided soil cores from a 

67-meter-deep vertical borehole. Figure  5-1 shows the cores, which are covered by a plastic seal 

and protected by PVC barrels. To carry out jet grouting on any type of soil, a good knowledge of 

the soil’s thermal, physical, and mechanical properties is fundamental. Therefore, before jet 

grouting, the logging of cores was done to record the core size, geology, locations, and other 

engineering properties. Appendix  5-1 shows the logging data sheet. To direct further research, 

laboratory and in-situ investigations were conducted to identify the soil properties, focusing on 

the physical, mechanical, and thermal properties. After identifying soil properties, a number of 

grout and soil mixtures were created in the laboratory to determine the initial physical, 

mechanical, and thermal properties of hand-mixed soilcrete and to prepare a guideline regarding 

actual characteristics of soilcrete created by the laboratory jet grouting setup.  

 

5-2. Soil properties’ test results and discussions 

Based on the core logging information, the soil type in elevation ranged from five to 15 meters 

consisted entirely of clay with a few uneven sand layers; the only core barrels in that interval 

were used to hand-mixed the soilcrete samples. To identify the engineering properties of the soil, 

the following laboratory tests were carried out on core samples: moisture content 

(ASTM:D2216-10 2010); particle-size analysis (ASTM:D421-85 2007; ASTM:D422-63 2007); 

specific gravity (ASTM:D854-10 2010); unit weight (ASTM:D7263-09 2009); Atterberg limits 

(ASTM:D421-85 2007; ASTM:D4318-10 2010); engineering soil classification (ASTM:D2487-

11 2011); compaction test (ASTM:D698-12 2012); and unconfined compressive strength (UCS) 

test (ASTM:D5102-09 2009; ASTM:D2166/D2166M-13 2013); modulus of elasticity; and 

thermal property test.  
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First, the in-situ moisture content of soil in four different sections of 273 to 300, 480 to 540, 540 

to 600, and 600 inches was measured to be 15.5%. Method B was used from ASTM:D2216-10 

(2010) based on significant digits reported and the size of the specimen (mass) required. In this 

method, the water content by mass is recorded to the nearest 0.1%. Taking into consideration 

Table  5-1, and the particle size distribution of the soil sample, which passes through the No. 4 

sieve, three 100-g specimens of soil samples were tested for each of the core barrels. Moisture 

content was calculated using Equation  5-1. 

 

Equation  5-1 

w =
Mcms −Mcds
Mcds −Mc

× 100 =
Mw
Ms

× 100 

 

Where,  w: water content, %, 

Mcms: mass of container and moist specimen, g 

  Mcds : mass of container and oven-dried specimen, g 

Mc : mass of container, g 

Mw : mass of water (Mw = Mcms −Mcds), g 

Ms : mass of oven dry specimen (Ms = Mcds −Mc), g 

 

After measuring and calculating the in-situ water content, all of the soil samples were extruded 

from the core barrels (Figure  5-2) and oven-dried. After samples had dried for 24 hours, a rock 

crusher was used to crush all of the samples (Figure  5-3) into a maximum of two centimeters 

particle sizes (Figure  5-4). The samples were then ground (Figure  5-5) to reduce the maximum 

particle size to pass through the No. 4 sieve (Figure  5-6). The reason for oven drying the samples 

before crushing them is to prevent the wet clay samples from clogging the crusher jaws. After 

grinding, all soil samples were mixed together based on the ASTM:D75/D75M-09 (2009) and 

ASTM:C702/C702M-11( 2011) to produce a uniform soil for laboratory tests and soilcrete mixes 

(Figure  5-7). This method provides a procedure by which a large sample obtained in the field or 

one produced in the laboratory can be reduced to a convenient size for conducting any specific 

laboratory test in a way that even smaller portions of test sample are representative of the whole 

sample.  



174 

 

5.2.1. Particle-size analysis  

Particles larger than 75 μm (retained on sieve No. 200) were analyzed with mechanical sieving, 

while for material finer than what can fit through a No. 200 sieve, a sedimentation process with a 

hydrometer was used. Two portions of soil samples were chosen from the total mixed sample 

(Figure  5-7) to carry out the test. The selected samples were sieved on a No. 10 sieve to separate 

the fraction smaller than what can pass through the No. 10 sieve. Because all soil samples were 

finer than the No. 4 sieve, there was no need to sieve the retained portion on either the No. 10 or 

No. 4 sieve. For this test, material passing a No. 10 sieve is required in the amount of 115-g for 

sandy soil or 65-g of either silt or clay soils. First, the hydrometer test was done on a fraction 

smaller than a No. 10 sieve (Figure  5-8). Then, all the suspension was washed on the No. 200 

sieve until the wash water was clear. The fraction retained on the No. 200 sieve was oven dried. 

The mechanical sieve was carried out on the sample using No. 4, 10, 20, 40, 60, 100, and 200 

sieves. Figure  5-9 shows the distribution of particle size analysis. This curve can also be used to 

compare different granular soils with the defining three parameters of Effective Size (D10), 

Uniformity Coefficient (Cu), and Coefficient of Gradation (Cc) where: 

 

Equation  5-2 

Cc =
(D30)

2

D10 ∗ D60
 

 

Equation  5-3 

Cu =
D60
D10

 

 

Where,  D30: diameter corresponding to 30% finer in particle-size distribution curve 

  D60: diameter corresponding to 60% finer in particle-size distribution curve 

 

5.2.2. Test for soil constants (Atterberg limits) 

Clay minerals are cohesive because of their nature of water absorption. When they appear in 

fine-grained soil structures, soils can be remolded in the presence of moisture. At very low 

moisture content, these soils behave like brittle material. When the moisture content grows high, 
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soil behaves like a liquid. In short, there are four stages for soil: solid, semisolid, plastic, and 

liquid (Figure  5-10). In the early 1900s, Albert Mauritz Atterberg developed a method to 

determine the behavior and consistency of fine-grained soils based on the water content (Das 

2008). The moisture content, in percentages, at which the transition from solid into semi-solid, 

semi-solid into plastic, and plastic into liquid state takes place, is defined as the shrinkage limit, 

plastic limit (PL), and liquid limit (LL), respectively.  

To test the soil constants (ASTM:D421-85 2007), material passing through a No. 40 sieve is 

required in a total amount of 220-g allocated as follows: LL 100-g; PL 15-g; centrifuge moisture 

equivalent 10-g; volumetric shrinkage 30-g; and check tests 65-g. In this laboratory experiment, 

only LL and PL were considered. Based on ASTM:D4318-10 (2010), six and three samples were 

chosen for LL and PL, respectively, and sieved on a No. 10 sieve. The passing fraction was 

sieved on a No. 40 sieve to determine the LL and PL. A wet preparation method was used to 

prepare the test specimen and method. A multipoint test was used to determine the values. The 

multipoint method is more precise and should be used in most cases. Different moisture contents 

were added to six samples of the LL test to adjust the moisture content of the soil required to 

close the 12.7 mm distance of groove in the soil path inside the brass cap with blows of 15 to 35 

(Figure  5-11). The moisture content of the soil, by percentage, was plotted with the 

corresponding number of blows in a semi-logarithmic graph. The moisture content referred to as 

25 blows on the flow curve gives the liquid limit, which is 36.4 for the experimental soil samples 

(Figure  5-12). The plastic limit is defined as the moisture content, in percent, at which a 3.2 mm 

specimen of rolled soil crumbles (Das 2008). For the given soil samples, PL was determined to 

be 19.57%. The plastic index (PI), which is the difference of the liquid limit and plastic limit, is 

calculated as 16.83 %. The plastic index can be used to provide a great deal of information about 

the nature of the cohesive soils. Casagrande in 1932 developed a plasticity chart for a wide range 

of soils (Figure  5-13). The important features of the chart are the A-Line and the U-Line. The A-

Line separates inorganic silts from inorganic clays and the U-Line is approximately the upper 

limit of the relationship of the plasticity index to the liquid limit for any type of soil found so far 

(Das 2008). Based on the plasticity index, the given soil samples fall into the Inorganic Clays of 

Medium Plasticity group.  

 

 



176 

 

5.2.3. Soil classification 

To express specifications of soils with a united language, soil classification systems have been 

developed. Soils with the same properties are classified in the same group and sub-grouped 

based on their engineering properties. Two elaborate classification systems, the american 

association of state highway and transportation officials (AASHTO) and the unified soil 

classification system (USCS), have been approved by many engineers. In both methods, the 

particle-size distribution and plasticity of soils have been used as classification parameters. The 

AASHTO is used more in highway departments; however, the UCSC is more accepted among 

geotechnical engineers (Das 2008). Therefore, the UCSC method was used in this research to 

classify the soil. Based on the UCSC, soils with particles less than 50% passing through a No. 

200 sieve are coarse-grained soils and those with 50% or more passing through a No. 200 sieve 

are fine-grained soils. As shown in Figure  5-14, the particle-size distribution and plasticity 

parameters, the tested soil in the laboratory falls into the Sandy Lean Clay (CL) group. 

 

5.2.4. Specific gravity  

The specific gravity of soil solids is one of the important parameters used in various calculations. 

The specific gravity of most minerals is between 2.6 and 2.9. This value for light-colored sands 

made mostly from quartz is about 2.65; for clayey and silty soils it can vary between 2.6 and 2.9. 

Since the given soil sample has solids that pass through the No. 4 sieve, the ASTM:D854-10 

(2010) was used to determine the specific gravity of this material. Two samples were prepared 

(Figure  5-15) using the wet preparation method. The specific gravity of soil solids was calculated 

to be 2.7 (Equation  5-4). 

 

Equation  5-4 

Gs =
ρs
ρw
=

Ms × ρw @ Toc
(M1 −M2 +Ms) × ρw @ 20oc

 

 

Where,  Ms: mass of oven dried soil solids 

  M1: mass of pycnometer and water  

  M2: mass of pycnometer and water and soil solids 

  ρw: density of water 



177 

 

  ρs: density of soil solids 

 

5.2.5. Compaction test 

Generally, compaction is densification of soil by removing air with mechanical energy to 

increase the unit weight in the construction of highway embankments, earth dams and many 

other engineering structures. The degree of compaction is measured by dry unit weight. During 

the compaction process, water is added into the soil as a softening agent, which results in the soil 

particles slipping over each other to move into a densely packed position. The dry unit weight 

initially increases when the water content increases during the compaction; however, at a certain 

point, any increase in the moisture content will decrease the dry unit weight (Figure  5-16). This 

happens because added water takes up the space that would be occupied with solid soil particles. 

The moisture content at which the maximum dry unit weight is reached is called the optimum 

moisture content (Das 2008). To measure the optimum water content of the given soil samples, a 

proctor compaction Test was used (ASTM:D698-12 2012). Taking into consideration the 

particle-size analysis, Method A with a four-inch diameter mold with a volume of 943.3 cm3 

was chosen. During compaction, the mold was attached to its base and an extension attached to 

its top. Based on previous experience, five different water contents were added to five soil 

samples and then compacted into the mold in three equal layers using a 2.5 kg hammer with a 

drop distance of 304.8 mm, which delivers 25 blows per layer (Figure  5-17). Three trials were 

done for each moisture content (15 tests in total) and average values were considered after the 

test (Figure  5-18). For each sample, the moist unit weight was calculated using Equation  5-5. 

After measuring the moisture content (w) of each sample, the dry unit weight was calculated 

using Equation  5-6.  

 

Equation  5-5 

γ =
W

V(m)
 

 

Where,  W: weight of the compacted soil in the mold 

  V(m): volume of mold 
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Equation  5-6 

γd =
γ

1 +
w(%)
100

 

 

The theoretical maximum dry unit weight can be also calculated when there is no air in void 

spaces with full saturation of 100% (Das 2008; ASTM:D698-12 2012). Equation  5-7 was used, 

taking into consideration the dry unit weight, to calculate the plotting points of the 100% 

saturation curve (zero air voids curve).  

 

Equation  5-7 

wsat =
(γw)(Gs) − γd
(γd)(Gs)

× 100% 

 

Where,  wsat: water content for complete saturation 

  γw: unit weight of water at 20oc 

  γd: dry unit weight of soil 

  Gs: specific gravity of soil solids 

 

The calculated dry unit weight is plotted with the corresponding water content to determine the 

maximum dry unit weight and optimum moisture content (Figure  5-19). The maximum dry unit 

weight and optimum moisture content are calculated as 1785 kg/m3 and 14.75%, respectively. 

The dry unit weight at the initial water content of 15.5% is also 1785 kg/m3. 

 

5.2.6. Unconfined compressive strength  

After completing the compaction tests on all 15 samples, remolded samples with different 

moisture contents were used to determine the UCS of the soil sample. The procedure began with 

pushing 1½ inch diameter Shelby tubes inside the remolded samples to get at least two soil cores 

from the samples (Figure  5-20). After pushing the Shelby tubes (Figure  5-21), the cores were 

extruded from the tubes (Figure  5-22) and stored in a moisture-constant room at a temperature of 

23 ± 2oC for the UCS test (Figure  5-23).  
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In the UCS test, confining pressure σ3 is zero and an axial load is applied to the specimen to 

cause failure. At failure, total minor principle stress is zero and major principle stress is σ1 and 

since the undrained shear strength is independent of confining pressure, it is equal to one-half of 

the UCS (Figure  5-24) (Das 2008).  

 

Equation  5-8 

τf = su =
σ1
2
=
qu
2
= cu 

 

Method A of the ASTM:D5102-09 (2009) test method was used to determine the UCS of 

remolded specimens having height-to-diameter ratios between 2.00 and 2.50. Based on the type 

of failure in each specimen, an original cross-section of the specimen was corrected as follows: if 

the diameter of the specimen after the test did not change, it meant a brittle failure occurred and 

there was no need for an original cross-section correction; if a radial deformation occurred but 

the specimen still had a cylindrical shape, it meant that a cylindrical shape failure occurred and 

the cross-sectional area had to be corrected using Equation  5-9; if a radial deformation increased 

during the test, and the specimen assumed a barrel shape, then Equation  5-10 was used to correct 

the cross-sectional area (Das 2008).  

 

Equation  5-9 

A =
A0

1 −
ε
100

 

 

Equation  5-10 

A =
A0

1 −
0.6ε
100

 

 

Where,  A: corrected cross-sectional area of specimen 

  A0: initial cross-sectional area of specimen 

  ε: axial strain for a given axial force 
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During the test of the specimen with a moisture content of 10.82%, the compression machine 

failed and no data was recovered for axial displacement and loads. Specimens with 12.5% 

moisture content had a cylindrical shape failure and specimens with 14.92%, 17.49% and 

20.36% moisture content had barrel shape failures (Figure  5-26 and Figure  5-27). Table  5-2 and 

Figure  5-28 show the values of the UCS for each specimen. The UCS increases with increasing 

moisture content up to the optimum moisture content. After that point, it decreases as the 

moisture content increases. The UCS of in-situ soil with an in-situ moisture content of 15.5% is 

equal to 370 kPa (Figure  5-28). 

 

5.2.7. Modulus of elasticity 

The modulus of elasticity (E) of soil specimens was calculated based on the UCS test results. For 

this purpose during compression, the axial displacement was measured as well to be able to 

calculate the E. The stress-to-strain curve is shown in Figure  5-29. The average slope of the 

stress-to-strain curve was used as the E (Table  5-3). The E at 15.5% moisture content was 

calculated to be 48 kPa. Figure  5-30 shows a strong relationship between the values of E for 

each specimen versus moisture contents. With an increase of moisture content, the E decreases.  

 

5.2.8. Thermal properties 

Thermal properties of soils are important in many engineering projects where heat transfer takes 

place through soil structure. Thermal conductivity of soils is defined as the amount of heat 

passing in unit time through a unit cross-section of soil under a unit temperature gradient which 

is applied in the direction of the heat flow. Figure  5-31 illustrates a schematic view of the heat 

flow through a cross-sectional area of soil. Based on the figure, the thermal conductivity is 

defined as Equation  5-11 (Farouki 1986) 
1
. 

 

Equation  5-11 

k =
q

A(T2 − T1)
l

 

 

                                                 
1
 The unit now normally used for k in soil studies is W/m. K. A British Thermal Unit (BTU) is amount of the energy 

needed to cool or heat one pound of water by one degree Fahrenheit at a constant pressure of one 

atm (Appendix  5-2) 
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Where,  k: heat conductivity 

  A: cross-sectional of soil 

  q: heat flow 

  T2: initial temperature 

  T1: temperature of end face 

  l: length of soil element  

 

The definition of heat conductivity applies for a steady condition where temperature at a point 

does not change with time. However, if the temperature changes with time, it means that the soil 

itself is gaining or losing heat. For instance, if the temperature is decreasing with time, some of 

the heat is absorbed by the soil to increase the temperature, and the rest of the heat is transferred. 

So the term “heat capacity per unit volume
1
 (C) of soil” is defined as heat energy required to 

increase the temperature of the unit volume by 1oC. The heat capacity is the product of mass 

specific heat
2
 (c, cal/goC) and density (ρ, g/cm3) (Equation  5-12) (Farouki 1986). 

 

Equation  5-12 

C = c. ρ 

 

Specific heat capacity is a measurable physical quantity of heat required to increase the 

temperature of unit mass for 1 Kelvin (Equation  5-13).  

 

Equation  5-13 

Q = m. c. ∆T 

 

Where,  Q: quantity of heat (J) 

  m: mass of substance acting as environment (kg) 

  c: specific heat capacity (J/kg. K) 

  ∆T: change in temperature (K) 

 

                                                 
1 Volumetric heat capacity  
2 Specific heat capacity  



182 

 

Generally, water, air, and soil solids appeared in soil structure. Thus, for a unit volume of soil, 

heat capacity is calculated using Equation  5-14.  

 

Equation  5-14 

C = xsCs + xwCw + xaCa 

 

Where,  xs, xw, and xa: solid, water, and air compositions in a unit volume of soil, 

respectively 

 Cs, Cw, and Ca: heat capacities per unit volume of soil solids, water, and air, 

respectively (Cw@4oC = 4.20 MJ/m
3. K). 

 

When there is an unsteady state condition, thermal properties and behavior of soil are governed 

with both heat conductivity and heat capacity. Thus, the term “heat diffusivity” (α) is defined as 

Equation  5-15 (Farouki 1986). Thermal conductivity governs when conditions are in a steady 

state. However, thermal diffusivity applies when the temperature changes and conditions are not 

in a steady state. 

 

Equation  5-15 

α =
k

C
 

 

A higher value of heat diffusivity means that the soil is capable of rapid and considerable change 

in temperature. Frozen soils have more thermal conductivity than unfrozen soils. Also ice has a 

lower heat capacity than liquid water
1
; for a given soil, the thermal diffusivity in frozen soil is 

greater than in unfrozen. As a result, temperature in a frozen soil can change rapidly and the 

variation is greater. The two materials can have different heat conductivities but the same 

diffusivities (Farouki 1986).  

In determining the thermal properties of soils, the most common method has been that of Kersten 

(1949). Based on this method, Sanger (1968) has proposed a chart (Figure  5-32) to determine the 

thermal properties of unfrozen and frozen soils for known water content in ground freezing 

                                                 
1 Ice has thermal diffusivity eight time greater than liquid water 
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construction (Farouki). The soils are divided into two groups: one for coarse and one for fine. 

The difference in thermal properties has to do with the quartz content. In the current laboratory 

experiment, empirical equations were initially considered to determine the thermal properties of 

the given soil specimens. Laboratory measurements and in-situ field test were then conducted for 

a complete assessment of the thermal properties.  

Equation  5-16 and Equation  5-17 give the volumetric heat capacity of unfrozen (CU) and frozen 

 (CF) soils, respectively (Farouki 1986).  

 

Equation  5-16 

CU =
γd
γw
(0.18 + 1.0

w

100
) Cw 

 

Equation  5-17 

CF =
γd
γw
(0.18 + 0.5

w

100
) Cw 

 

Where,  γd: dry unit weight of the soil  

 γw: unit weight of water 

 w: water content 

 

Kersten has proposed a different series of equations to estimate the heat conductivity of unfrozen 

(+4oC) and frozen (−4oC) soils in terms of the water content (w%) and dry unit weight (γd). 

For fine soil containing 50% or more silt-clay, Equation  5-18 and Equation  5-19 give k in 

Btu in./ft2 hr oF for unfrozen and frozen silt-clay soils, respectively, where γd is in lb/ft3. 

These equations are presented in Appendix  5-3 and Appendix  5-4. Equation  5-20 and 

Equation  5-21 give k in W/mK for unfrozen and frozen silt-clay soils, respectively, where γd is 

in g/cm3 (Appendix  5-5 and Appendix  5-6). These equations have a deviation less than 25% 

from measured thermal conductivities for given soils and are applicable for water content of 7% 

and greater (Das 2008). 

 

Equation  5-18 

k = [0.9logw − 0.2]100.01γd 
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Equation  5-19 

k = 0.01(10)0.022γd + 0.085(10)0.008γdw 

 

Equation  5-20 

k = 0.1442[0.9logw − 0.2]100.6243γd 

 

Equation  5-21 

k = 0.001442(10)1.373γd + 0.01226(10)0.4994γdw 

 

For coarse soils with water content of 1% or more, Equation  5-22 and Equation  5-23 give k in 

Btu in./ft2 hr oF for unfrozen and frozen soils, respectively, where γd is in  lb/ft3. These 

equations are presented in Appendix  5-7 and Appendix  5-8. Equation  5-24 and Equation  5-25 

give k in W/mK for unfrozen and frozen soils, respectively, where γd is in g/cm3 (Appendix  5-9 

and Appendix  5-10). These equations have a deviation of less than 25% from measured thermal 

conductivities for given coarse-grained soils. However, in some cases where coarse-grained soil 

contains 31% silt-clay, the equations have calculated 50% more values more than measured 

values. Thus, the equations apply for soils with a very low amount (less than 20 %) of silt-clay 

(Das 2008). 

 

Equation  5-22 

k = [0.7logw + 0.4]100.01γd 

 

Equation  5-23 

k = 0.076(10)0.013γd + 0.032(10)0.0146γdw 

 

Equation  5-24 

k = 0.1442[0.7logw + 0.4]100.6243γd 

 

Equation  5-25 

k = 0.01096(10)0.8116γd + 0.00461(10)0.9115γdw 
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Taking into consideration of the dry unit weight of 1785 kg/m3 at the initial moisture content of 

15.5% and using Figure  5-32, Equation  5-15, Equation  5-16, Equation  5-18 and Equation  5-20, 

the average values of thermal properties of soil samples used in the laboratory experiment are 

presented in Table  5-4.  

For a complete assessment of thermal properties, laboratory methods shall be done to measure 

the thermal properties of the soil specimen using two different steady state and transient test 

methods. In the steady state method, the sample should be in a steady state condition when 

measurements are being taken, which takes a considerable amount of time. However, in the 

transient method, the soil temperature varies with time, and measurements can be made very 

quickly. This method is more versatile than the steady state method (Farouki 1986). In current 

laboratory experiments, the thermal properties were tested by the Thermal Constants Analyzer 

TPS 1500, which uses the transient plane heat source method described by (ISO22007-2 2008) 

that is based on a three-dimensional non-steady state heat conduction in the sample. This method 

is suitable for homogenous material with isotropic or anisotropic properties and a uniaxial body 

with a heat conductivity range of 0.01 Watt/m. K < λ < 500 Watt/m. K, a thermal diffusivity 

range of 5 × 10−8 m2/s ≤ α ≤ 10−4 m2/s, temperatures in the approximate range of 50 K <

T < 1000 K, and a specific heat capacity per unit volume in the approximate range of 0.2 MJ/

m3K < C < 5 MJ/m3K. The laboratory TPS 1500 device is the product of Thermtest Inc. and 

can rapidly measure the thermal properties of the material within 20 to 1280 seconds with 

accuracy better than 5%, and reproducibility better than 1%. Figure  5-33 shows the equipment 

(SMPE 2012a; SMPE 2012b).  

From cylindrical soil core barrels, nicely consolidated sections were chosen and sliced into two 

or more pieces using a hand saw and/or electrical chop saw with a clamp. The sections were cut 

to a thickness between 25 and 40 mm (Figure  5-34). In this method, the specimen thickness had 

to be larger than the penetration depth, ∆pprob, which is defined as “how far into the specimen, 

in the direction of heat flow, a heat wave has travelled” (ISO22007-2 2008). Penetration depth is 

calculated using Equation  5-26. The surface of the samples were ground enough to ensure good 

thermal contact between the 6.403 mm radius Kapton probe and sample. The output power and 

the measuring time were calibrated by several comparative tests. Using calibration numbers, the 
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initial estimation of heat diffusivity and Equation  5-26, the penetration depth was between 20 

and 25 mm, which is smaller than the specimen thicknesses.  

 

Equation  5-26 

∆pprob = k√α. ttot 

 

Where,  ttot: total measurement time for the transient recording 

α: thermal diffusivity of the specimen material 

k: a typical value in hot-disc measurements (κ = 2), depend on sensitivity of the 

temperature recordings 

 

Table  5-5 demonstrates the laboratory results of the thermal properties’ test on the whole length 

of the core barrel sample. Figure  5-35, Figure  5-36, and Figure  5-37 illustrate the variation of 

thermal conductivity, volumetric heat capacity, and heat diffusivity values with depth. From the 

given figures, it can be concluded that thermal properties are not depth-dependent.  

Considering the reference values of thermal conductivity for clay material, typical values are 

commonly in the range of 0.15 to 2.5 W/m.K ((Tarnawski and Leong 2000) and Table  5-4). As 

seen in Figure  5-35, the values tested are well within this range. However, the calculated 

volumetric heat capacity and thermal diffusivity values (Table  5-4) are not quite in the same 

range as the laboratory tests (Figure  5-36 and Figure  5-37). An in-situ field test was proposed to 

make sure all laboratory results were correct and reliable. For this purpose, GSS Geothermal Ltd. 

performed a field thermal test in the same borehole in which the soil core barrel was drilled. 

Figure  5-38 illustrates the results of the in-situ test, including laboratory results, with the 

mineralogy of the jobsite. An error with 6% of the value is shown on the vertical profile, which 

is the maximum error of the machine. Laboratory and field results have, overall, the same shape. 

However, even taking the error into consideration, laboratory results stand away from the in-situ 

test results. This can be explained in two ways: first, the resolution of the laboratory test is 

different from that of the in-situ test, which means that in the laboratory test, only point values 

are being measured, whereas in the field test, relative values of about one meter resolution are 

being measured. The second reason has to do with the nature of both tests. The results from the 

laboratory tests are mostly lower than those from the field. In laboratory tests, to have an 
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appropriate contact between the probe and soil samples, the surfaces of the sliced samples were 

ground. However, in the field test, the borehole was fitted with a pipe to carry water up and 

down its length. Then the borehole was grouted to provide a contact surface and secure the pipe. 

The thermal conductivity of the grout is 1.8 W/mK which is higher than most of the laboratory 

test results. The thermal conductivity of the grout was detected by the machine, which resulted in 

the high values of the field test.  

As pointed out earlier, only soil specimens from five to 15 meters depth of the core barrel were 

chosen and crushed and then mixed together to be used in the laboratory experiment. The 

average value of laboratory (1.10W/mK) and in-situ (1.71W/mK) heat conductivity tests in the 

specified depth range was considered to be the average soil thermal conductivity (1.41W/mK). 

Volumetric thermal capacity and thermal diffusivity of the given soil were considered to be 0.83 

MJ/m3K and 1.56 mm2/s, respectively. 

 

5-3. Thermal-insulating grout mixtures 

For more than two centuries, grout mixtures have been used to modify soil and rock properties 

by filling voids and cracks. Grouts can range from very low viscosity to very thick mixtures of 

water and solid material. Most of the time, the most important characteristics of grouts are 

pumpability and flowability. A grout with a flowable mixture of solids and water is called a 

suspended solids grout. A variety of materials such as bentonite, cement, fly ash, lime, or 

combinations thereof can be added to the grout to change its physical and mechanical properties. 

The admixture used to treat the soil can be chosen depending on the particular project, degree of 

improvement needed, cost, availability, site accessibility, and time of construction.  

Cement is generally the best admixture to be mixed with soil because of its availability, lower 

cost, and relatively high strength as compared to other types of admixtures. Soil treated with 

cement has been used in highways, railroads, and airport construction since Portland cement was 

invented in 1824. The raw materials used to manufacture Portland cement are limestone, quartz 

sand, clay, and iron, which supply the necessary ingredients of lime, silica, alumina, and iron. 

After mixing a proper proportion, the raw materials are pulverized and fired, resulting in cement 

clinkers. Clinkers are finely ground and mixed with up to 5% gypsum to produce the final 

product. There are four different types of Portland cement, but only type I (ordinary Portland 

cement) and type II (high early strength cement) are used in grouting. Type II generally has finer 
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material than type I. Type II provides more reactive surface area, and therefore more rapid 

setting. Figure  5-39 illustrates the particle size of different cements. The ability of Portland 

cement to penetrate into the voids and cracks of soils and rocks is called groutability and is 

defined as a ratio of the smallest opening size to the largest cement particle size. The groutability 

must be at least more than three in order to permit grouting to work properly. Viscosity is 

another important factor in grout’s ability to penetrate a formation. A small amount of water 

must be mixed with cement to make thick grout (mortar), which can only penetrate into large 

voids for a short distance under high pressure. The amount of water mixed with cement is 

usually expressed as the water cement ratio (w/c).  Generally, in grouting, a ratio of one is the 

thickest mix and a ratio of five to six is the thinnest. In thin grouts, the solid material tends to 

settle quickly to the bottom of the grout tanks. This can be prevented by evenly mixing the grout 

using an agitator. However, solids can still settle on the bottom of a pump, pipes, valves, fittings, 

or event fissures which are being treated. To keep the cement particles suspended in the grout, 

bentonite is used in the grout mixture in a proportion of up to 5% of the cement weight.  

The initial set time for the cement mixture for structural purposes is one to two hours, but in thin 

grouts, that time is extended to 18 to 24 hours (Karol 2003). Mixing soil with cement grout will 

increase the strength and durability of the soil and decrease the compressibility and swelling 

potential. In the triple fluid of jet grouting, the soil formation is initially destroyed and eroded by 

high water pressure and then grout is injected into the formation. Taking this into consideration, 

the w/c ratio of one was chosen for all grout mixtures in the current experiment. The grout 

density should be checked after the material has been batched. Cement should be mixed by 

weight. Water should be mixed by weight or volume. The density of grout, ρg, is related to the 

w/c ratio as shown in Equation  5-27 (Jefferis 1994). Equation  5-27 is the same as Equation  3-56 

discussed in Chapter three. The current laboratory experiment used Type GU Portland cement 

(CSA:A23.1-09/A23.2-09 2009) with a bulk density of 1505 kg/m3. 

 

Equation  5-27 

ρg =
1 + w

w
ρw
+
1
ρc

 

 

Where,  w: water cement ratio 
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  ρc: density of cement grains, (typically 3150 kg/m3, Gs,cement solids = 3.15) 

  ρw: density of water 

 

ELP has been widely used as a lightweight aggregate in concrete and mortar applications since 

the 1940s because of its lightweight aspects and good performance in thermal and acoustical 

insulation and fire protection. It is also widely used in fire retardants to reduce flammability. In 

the current laboratory experiment, ELP was chosen for the development of a new type of 

isolating grout. It was obtained from a local supplier and has a bulk density of 71.49 kg/m3 and 

water absorption of 100%. The grain size distribution of the ELP is shown in Figure  5-40. The 

thermal conductivity of the ELP is around 0.04 W/m. K. 

As discussed previously, due to the complexity of the jet grouting operation, the designing and 

calculating proportions of cementitious material (cement and ELP), water, soil, and jet grouting 

parameters have been the most important and difficult part of the laboratory experiments. A 

back-analysis calculation method was considered to calculate the proportions of each aggregate. 

Generally, 29 cylindrical specimens, with heights of 150 mm and diameters of 75 mm, were 

required for each of the five batches (total 145 specimens) to accomplish all laboratory tests. The 

arrangement of the design is described as follows:  

 

1) ELP/cement ratio was considered by weight. Water/cementitious material ratio by weight 

and volume were considered to be one. Jet grouting water/grout ratio and soilcrete 

grout/soil ratio were considered by volume since the unit weight of the soilcrete and grout 

were not known and measured at the time of the designing. 

 

2) Regarding jet grouting parameters based on the discussion in Chapter three, the 

volumetric percentage of grout retained by subsoil, α, and volumetric percentage of soil 

removed by jet grouting, β, were considered 80%, and 50%, respectively which means 

the ratio of grout/soil was 8:5 in the soilcrete body. Also based on the flow rates of water 

and grout in triple fluid jet grouting system in different projects, the volume of water to 

grout was considered to be 40%. 
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3) Five different proportions of ELP were replaced with cement by weight. Those 

proportions are: 0.0%, 15%, 30%, 50%, and 70%. 

 

4) Based on 29 specimens, a total of 19 liters of soilcrete was required for each of the five 

batches. If average initial unit weight of soilcrete is assumed 1800 kg/m3, 33 kg of 

soilcrete was required. 

 

5) The volume of soil and grout was calculated. 

 

6) The water required for the soil to reach its in-situ water content was calculated based on 

the calculated soil mass. 

 

7) The volume of jet grouting additional water was calculated based on the previously 

calculated volume of the grout. 

 

8) The amount of water and cementitious material for all grout mixes was calculated by 

volume, based on the water/cementitious material ratio of one. 

 

9) The weight of cementitious material was calculated in mix No.1 and since this mix had 

zero amount of ELP, the weight of cementitious material was equal to weight of cement.  

 

10) The weight of cementitious material was kept constant in all mixes which was equal to 

weight of cement in mix No.1.  

 

11) The weight of cement and ELP were calculated with replacing cement with different 

amounts of ELP, by weight. 

 

Table  5-6 and Table  5-7 show the proportions of the aggregates for each of five mixes and final 

proportions of each aggregate in the soilcrete, respectively. Five different batches of grout and 

soilcrete mixes were prepared in the laboratory experiment. The mixing procedures were divided 

into two different steps. The first step was preparing the grout and the second was preparing the 
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soilcrete mixes. In grout mixes, water was placed in the tank and the drill mixer was started. 

Then, the cement and ELP were added in that order. The ELP was pre-soaked in water so that its 

water absorption did not affect the water/cement ratio of the grout mixes. The cementitious 

materials (cement and ELP) were mixed for five minutes with water to obtain the desired 

consistency. After preparing grout mixes, fresh unit weight (ASTM:C138/C138M-13 2013), 

bleeding and expansion (ASTM:C940-10a 2010), and Marsh funnel viscosity (MFV)  

(ASTM:C939-10 2010; ASTM:D6910/D6910M-09 2009) tests were conducted on the grout 

specimens. In the second step, soilcrete mixing (ASTM:C192/C192M-13 2013), soil was placed 

into the mixer and conditioned to its in-situ water content. Then, jet grouting water was added 

into the soil in the mixer. Finally, the grout mix was poured into the mixer. When all the 

ingredients were in the mixer, the soilcrete was mixed for 3 min followed by a 3 min rest, 

followed by a 2 min final mixing. After the mixing, a unit weight (ASTM:C138/C138M-13 

2013) test was conducted on freshly mixed soilcrete samples and the mixture was poured into 

cylinders with a 75 mm diameter and 150 mm height and left for 48 hours to harden enough for 

demolding. After demolding, the specimens were placed in a moist room at 23.0 ± 2.0 C to be 

cured for further testing on thermal and physical properties (ASTM:C642-13 2013), UCS 

(ASTM:C39/C39M-12a 2012), E (ASTM:C469/C469M-10 2010), and splitting tensile (STS) 

strength (ASTM:C496/C496-11 2011). All laboratory tests were conducted on the third, seventh, 

and 28
th

 day
1
 in two different conditions of wet and dry. The wet condition means that each 

sample was left in the moisture room for any particular period of time after demolding. The dry 

condition means that after being in the moisture room for a particular period of time, the samples 

were oven-dried for 24 hours at 110oC and then tested. The oven-dried condition is a situation in 

which the heat has already been injected into the borefield area in the underground heat storage 

system. It is necessary to understand the dry condition in order to investigate the effect of heat 

injected into the borefield area on thermal, physical and mechanical properties of the soilcrete 

mixes. Since perlite was used in the aggregates, the top surface of the samples was very rough. 

Before conducting any of the aforementioned tests, the top and bottom of all specimens were 

                                                 
1 One-day age samples were so weak and fragile that it was not possible to demold them. Therefore they were 
left for 48 hours in the cylinders to be hardened enough before demolding. Also, 14-day tests could not be 
done on specimens, since all laboratories and hydraulic pumps of the university were closed because of 
January holidays. 
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ground to a smooth surface (Figure  5-41). The description and results of each test are discussed 

in the following sections. 

 

5-4. Soilcrete and grout test results and discussions 

5.4.1. Unit weight of grout and soilcrete mixes 

Unit weight is mass per unit volume. After batching the grout and soilcrete mixes, the fresh 

material was poured into a known volume and measured and weighed. Then, the fresh unit 

weight, ρ, of samples was calculated using Equation  5-28 (ASTM:C138/C138M-13 2013).   

 

Equation  5-28 

ρ =
Mc −Mm
Vm

 

 

Where,  Mc: mass of the measure filled with freshly mixed grout or soilcrete  

  Mm: mass of the measure 

  Vm: volume of measure 

 

The density of hardened soilcrete samples was also measured and calculated within three, seven, 

and 28 days of when the samples were cast. Table  5-8 presents the results. Figure  5-42 shows 

that all densities have a decreasing trend when the amount of ELP increases, which occurs 

because of ELP’s porous structure and much lower bulk density. Figure  5-43 shows the density 

changes during the curing time of the soilcrete mixes. It has been observed that density remains 

almost the same after the seventh day of curing.  

 

5.4.2. Expansion and bleeding test of fresh grout mixes 

The amount of expansion and accumulation of bleed water in freshly mixed grout was measured 

(ASTM:C940-10a 2010). In this test, 1000 ml of freshly mixed grout were placed in a graduated 

cylinder to monitor the change in total volume and accumulation of bleed water. Volume 

measurement was recorded three minutes after the mixing in 15 min intervals for first 60 min and 

thereafter hourly intervals were recorded until two measurements became the same. The 

expansion and bleed water were calculated using Equation  5-29 and Equation  5-30. Table  5-9 
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shows the maximum expansion and bleed water values of all five grout mixes. Figure  5-44 

shows the relationship between the density of fresh grout and its bleeding. Fresh grout density 

decreases and the percentage of bleeding increases as the amount of ELP is increased. 

 

Equation  5-29 

Expansion,% =
Vg − V1

V1
× 100 

 

Equation  5-30 

Bleeding,% =
V2 − Vg

V1
× 100 

 

Where,  Vg: volume of grout portion of sample at prescribed intervals, at upper surface of 

grout, mL 

  V1: volume of sample at beginning of test, mL 

V2: volume of sample at prescribed intervals, measured at upper surface of water 

layer, mL 

 

5.4.3. Marsh funnel viscosity test of fresh grout mixes 

The Marsh funnel viscosity test is usually an indirect measurement of the viscosity of clay 

slurries (ASTM:D6910/D6910M-09 2009). The flow cone test can also be used in the laboratory 

and field to determine the time flux of a specified volume of grout through a standardized flow 

cone. The flow cone test has been used mostly for neat grouts containing materials that pass 

through the No. 8 sieve (2.36 mm) (ASTM:C939-10 2010). However, based on Figure  5-40, the 

perlite material contains particles larger than sieve No. 8. Therefore, the Marsh funnel test was 

used in the laboratory experiments to provide information about the effect of ELP on the 

viscosity of the grout mixtures. MFV is defined as “the time in seconds required for 946 mL of 

slurry to flow into a graduated cup from a funnel (known as a Marsh funnel) with specific 

dimensions” (ASTM:D6910/D6910M-09 2009). The MFV is not a true viscosity and is only an 

apparent value of the relative sense. Table  5-10 illustrates the test result. A higher value of MFV 

means high viscosity. Low values mean slurries with lower viscosity. Table  5-10 shows that 
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increasing the replacement ratio of ELP with cement decreases the viscosity of the grout. 

Figure  5-45 shows a strong linear relationship between fresh grout density and the MFV.  

 

5.4.4. Density, absorption, and voids of hardened soilcrete mixes 

The ASTM:C642-13 (2013) test method was used to determine density, percent absorption, and 

percent voids in 56-day-old hardened soilcretes. These values are useful in the development of 

data required for mass and volume conversion of the soilcrete, and are calculated in Table  5-11 

and Figure  5-46 using Equation  5-31 to Equation  5-37. Figure  5-47 illustrates a strong 

relationship between 28-day-old oven-dried and wet density of all soilcrete mixes versus their 

volume of permeable pore spaces. As the amount of ELP increases, the bulk density and volume 

of permeable pore spaces of soilcrete mixes decreases and increases, respectively.  

 

Equation  5-31 

Absorption after immersion,% = [
(B − A)

A
] × 100 

 

Equation  5-32 

Absorption after immersion and boiling,% = [
(C − A)

A
] × 100  

 

Equation  5-33 

Bulk density, dry = [
A

(C − D)
] × ρ = g1   

 

Equation  5-34 

Bulk density1 after immersion = [
B

(C − D)
] × ρ 

 

 

                                                 
1 Bulk density is the property of powders, granules, and other divided solids and is defined as the mass of 
material particles divided by total volume of their occupancy. It is not intrinsic property of material and can 
change based on how the material is handled. 
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Equation  5-35 

Bulk density after immersion and boiling = [
C

(C − D)
] × ρ   

 

Equation  5-36 

Apparent density = [
A

(A − D)
] × ρ = g2 

 

Equation  5-37 

Volume of permeable pore space (voids),% = [
g2 − g1
g2

] × 100 = [
(C − A)

(C − D)
] × 100 

 

Where,  A: mass of oven-dried sample in air, g 

B: mass of surface-dried sample in air after immersion, g 

C: mass of surface-dried sample in air after immersion and boiling, g 

D: apparent mass of sample in water after immersion and boiling, g 

g1: bulk density, dry, Mg/m3 

g2: apparent density, Mg/m3 

ρ: density of water = 1 Mg/m3 = 1 g/cm3 

 

5.4.5. Unconfined compressive strength of cylindrical soilcrete  

Based on the results of the density test on hardened soilcrete samples (Table  5-8 and Table  5-11), 

the ASTM:C39/C39M-12a (2012) test method was used to determine the UCS of the cylindrical 

soilcrete samples that had a density in excess of 800 kg/m3. Samples were tested with a loading 

rate of 0.25 ± 0.05 MPa/s in three different time frames: three, seven, and 28 days after casting. 

As explained previously, tests were done in two different conditions of wet and dry. Table  5-12 

and Figure  5-48 illustrate the results of the tests. Figure  5-49 shows that UCS decreases as the 

amount of ELP increases. Also, Figure  5-50 shows that for each mix, the UCS increased with 

curing times from day three to day 28. Figure  5-51 shows the reduction percentage of 28-day 

UCS in all mixes with respect to control Mix 1. The overall reduction is due to the weak porous 

microstructure of ELP, which increases porosity and reduces the density of the soilcrete and 

consequently decreases the UCS. Figure  5-52 shows a 28-day UCS improvement and reduction 



196 

 

percentage of each mix with respect to in-situ soil strength (370 kPa). Except for Mix 5, all 

soilcrete mixes achieved higher values of strength than the in-situ soil after 28 days. For 

example, Mix 3 achieved a value of UCS that is almost 435% higher than that of the in-situ soil 

28 days after mixing. As previously discussed, during the jet grouting operation, the whole 

structure of the soil is initially weakened and excavated and then replaced with cementitious 

material; this means the UCS of soilcrete columns can be even less than that in the in-situ soil 

during the first days of curing. However, to prevent any settlement or collapse of the ground 

surface, it is important to maintain the strength of the soilcrete so that it is as strong as or 

stronger than the in-situ soil, even during the first days of curing. Figure  5-53 shows the UCS 

progression of soilcrete mixes during curing. The UCS of mixes 4 and 5 is less than that in the 

in-situ soil during the first seven days of curing after the mixing process. However, mixes 1, 2 

and 3 have higher UCS values than the in-situ soil, even after three days of curing. Figure  5-54 

demonstrates a strong relationship between the 28-day-old UCS of soilcrete mixes and their 

densities. UCS decreases with decreasing density. Figure  5-55 presents a strong relationship 

between 28-day UCS versus voids of soilcrete mixes. As the specimen voids increase, UCS 

decreases.  

 

5.4.6. Modulus of elasticity of cylindrical soilcrete 

The E of hardened soilcrete cylinders was calculated based on the UCS test using 

(ASTM:C496/C496-11 2011). For this purpose, the longitudinal displacement of soilcrete 

samples was measured during the compression test. Stress-to-strain curves are presented in 

Appendix  5-11 to Appendix  5-15. The average slope of the stress-to-strain curve was considered 

as E (Table  5-13). As with the UCS, the E of soilcrete mixes decreases as the amount of the ELP 

increases (Figure  5-56). Figure  5-57 shows a good relationship between 28-day densities of 

soilcrete mixes with their corresponding E. Figure  5-58 shows a perfect linear relationship 

between 28-day UCS and the E of soilcrete mixes. The regression between UCS and E of all 

mixes with different ages is also reasonable (Figure  5-59). Figure  5-60 presents a strong 

relationship between the 28-day E versus voids of soilcrete mixes. It is clear that with increasing 

voids of the specimen, E decreases. 
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5.4.7. Splitting tensile strength of cylindrical soilcrete mixes 

The STS method is used to evaluate the shear resistance of lightweight concrete. The 

ASTM:C496/C496-11 (2011) test method was used to apply a diametral compressive load along 

the length of the soilcrete cylindrical specimen at a rate of 11.6 to 23 KPa/s until failure occurs. 

The loading causes tensile and compressive stresses on a plane on which the load is applied, and 

in an area immediately around the applied load, respectively. In such a situation, tensile failure 

occurs instead of compression, because the areas of applied load are in a triaxial compression 

state, allowing them to withstand much higher compressive stresses than occur in a uniaxial 

compression strength test. The specimen’s STS is calculated using Equation  5-38. The results of 

the test are shown in Table  5-14. 

 

Equation  5-38 

T =
2P

πld
 

 

Where,  T: splitting tensile strength, MPa 

  P: maximum applied load, N 

  l: length of specimen, mm 

  d: diameter of specimen, mm 

 

Generally, STS values of all mixes showed trends similar to UCS with respect to increasing ELP, 

which means STS decreased with an increasing amount of ELP (Figure  5-61). Also for each mix, 

STS increased with curing times from the third day to the 28
th

 day. Figure  5-62 presents a good 

relationship between 28-day STS and the density of soilcrete specimens. It is clear that as density 

increases, so does STS. Figure  5-63 shows a perfect power regression for the 28-day wet and 

oven-dried STS and UCS. This regression is still reasonable for all mixes with different ages 

(Figure  5-64). This proves that both UCS and STS strength gain rates are similar during the 

curing time. This is consistent with previous findings (W. V. Liu 2013). Figure  5-65 illustrates 

the relationship between the 28-day STS and E of different mixes. Figure  5-66 shows a strong 

relationship between the 28-day STS versus voids of soilcrete mixes. It is clear that as the 

specimen voids increase, STS decreases. 
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5.4.8. Moisture content of hardened soilcrete mixes 

The moisture content of each soilcrete mix was measured and calculated in three different time 

periods: three, seven, and 28 days after casting. The results are shown in Table  5-15 and 

Figure  5-67. Figure  5-68 shows a strong relationship between the 28-day moisture content and 

28-day density of soilcrete mixes. As the moisture content from Mix 1 to Mix 5 increases, the 

specimens’ density decreases. At the constant moisture content, the density of wet soilcrete is 

more than that of the oven-dried soilcrete specimen. This is because water is denser than air. 

Figure  5-69 shows a relationship between the 28-day moisture content and 28-day UCS of 

soilcrete specimens in all mixes. As the moisture content increases, the UCS of the soilcrete 

decreases; however, at the same moisture content, the UCS of oven-dried samples is more than 

that for the corresponding wet samples. Figure  5-70 and Figure  5-71 present another strong 

relationship between the 28-day moisture content and 28-day E and STS of soilcrete mixes, 

respectively. As the moisture content increases, both values decrease. The reason that the 

soilcrete samples decrease in density, UCS, E, and STS as the  moisture content from Mix 1 to 

Mix 5 increases is that the low-strength, lightweight ELP was replaced with cement and soil 

material with higher values of strength and density. Figure  5-72 shows a relationship between the 

28-day moisture content and volume of permeable pores (voids) of soilcrete mixes, and indicates 

an increase in the amount of voids when the moisture content increases.  

 

5.4.9. Thermal properties of hardened soilcrete mixes 

Table  5-16 illustrates the thermal properties of aggregates used in the laboratory experiment. As 

with the soil samples, the thermal properties were tested by the Thermal Constants Analyzer TPS 

1500, which uses the transient plane heat source method based on the three-dimensional non-

steady-state heat conduction in the sample. This test was done after the soilcrete samples were 

cured for 56 days in the moisture room. The test was conducted in both wet and oven-dried 

conditions. To simulate the UTES borefield condition after it was fully charged, half of the 

samples were oven-dried for 56 days, then cut with an electrical chop saw into pieces that were 

30 cm wide (Figure  5-73). The other half were cut in wet conditions after being air-dried for 56 

days in the moisture room. Table  5-17 shows the laboratory results of the thermal properties test.  
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5.4.9.1. Thermal conductivity  

Figure  5-74 shows that in both wet and dry conditions thermal conductivity decreases as the 

amount of ELP increases. This occurs because ELP has a porous structure and low thermal 

conductivity (0.04 Watt/m. K). Figure  5-75 illustrates the percentage of thermal conductivity 

reduction (improvement) in each mix with respect to the thermal conductivity of in-situ soil and 

Mix 1 (control mix). For instance, the thermal conductivity of Mix 3 is reduced 83 and 63% in 

oven-dried and wet conditions, respectively, with respect to in-situ soil thermal conductivity. As 

discussed previously, thermal conductivity is measure of a material’s ability to conduct heat. In 

other words, the ability of in-situ soil to conduct heat will be reduced 83% if the jet grouting 

operation is carried out using the new thermal-insulating grout. Figure  5-76 shows a strong 

relationship between the moisture content and thermal conductivity of the soilcrete in both wet 

and oven-dried conditions. At the given moisture content, the thermal conductivity in the wet 

condition is more than that in the dry condition. This is because the thermal conductivity of air 

(0.026 W/m. K) is a lot lower than that of water (0.58 W/m. K @ 20oC), and also, in the oven-

dried condition, the free and structural moisture content was replaced with the low thermal 

conductivity of air. In Mix 1 to Mix 5, the overall moisture content of the samples increased. 

However, it is important to remember that from Mix 1 to Mix 5, components with higher values 

of heat conductivity were replaced with ELP, which had lower values of heat conductivity. This 

is why, even by increasing the moisture content from Mix 1 to Mix 5, thermal conductivity 

decreases. Figure  5-77 illustrates the reduction percentage of thermal conductivity from the wet 

to oven-dried condition. Mix 3 has the greatest reduction value of all the mixes. Figure  5-78 

illustrates the relationship between thermal conductivity and the density of soilcrete samples in 

both oven-dried and wet conditions. Samples with low density have low thermal conductivity 

values. In the same manner, increasing the percentage of voids in the specimen decreases thermal 

conductivity (Figure  5-79). 

 

5.4.9.2. Volumetric heat capacity  

Figure  5-80 shows the results of the volumetric heat capacity of soilcrete mixes. Volumetric heat 

capacity tends to decrease as the amount of ELP increases, except in the case of Mix 3. 

Volumetric heat capacity values in the wet condition are more than those in the oven-dried 

condition, because of the high value of water’s volumetric heat capacity in the wet condition. 
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Also, as discussed previously, all ELP was replaced by weight with cement. A considerable 

volume of ELP with very low volumetric heat capacity values was combined with other 

components in each mixture. Thus, in a given mold with constant volume, the amount of other 

components was reduced, which decreased the overall volumetric heat capacity of all mixes. 

However, in Mix 3, the replacement ratio of ELP with cement was not enough to waive the 

effect of the high volumetric heat capacity of the water (4.2 MJ/m3. K). As a result, a slight 

increase was observed in the wet volumetric heat capacity of Mix 3. In the oven-dried condition, 

all free water and structural water that significantly affect the volumetric heat capacity were 

dried out, so the volumetric heat capacity gradually decreased as the amount of ELP increased. 

Figure  5-81 illustrates the improvement percentage of volumetric heat capacity in each mix with 

respect to in-situ soil and Control Mix 1. For instance, the volumetric heat capacity of Mix 3 

increased 11 and 44% in oven-dried and wet conditions, respectively, with respect to the in-situ 

soil volumetric heat capacity. In other words, to increase soilcrete’s unit volume unit 

temperature, more heat energy is required compared to what is necessary for in-situ soil. 

Figure  5-82 shows a strong relationship between the moisture content and oven-dried volumetric 

heat capacity of the soilcrete. In the same manner as thermal conductivity, at a given moisture 

content, the volumetric heat capacity of the wet condition is more than that of the dry condition. 

This is because the volumetric heat capacity of air is a lot lower than water, and also because in 

the oven-dried condition, the free and structural moisture content was replaced with air. Again, 

as can be seen from Mix 1 to Mix 5, the overall moisture content of samples increased. However, 

components with higher values of volumetric heat capacity were replaced with ELP with lower 

values of volumetric heat capacity. Therefore, although from Mix 1 to Mix 5, the overall 

moisture content increased, the volumetric heat capacity of the soilcrete mixes decreased. 

Figure  5-83 illustrates the relationship between volumetric heat capacity and the density of 

soilcrete samples in both oven-dried and wet conditions. Samples with low density have low 

volumetric heat capacity values. In the same manner, when the percentage of voids in the 

specimen increases, the volumetric heat capacity decreases (Figure  5-79). 

 

5.4.9.3. Specific heat capacity  

Figure  5-85 presents results of the specific heat capacity of all the mixes. Specific heat capacity 

was calculated by dividing the volumetric heat capacity by the corresponded density of each mix. 
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Oven-dried specific heat capacity tends to increase when the amount of ELP increases. Specific 

heat capacity values in oven-dried condition are more than those in wet conditions, because wet 

densities have higher values. As discussed previously, from Mix 1 to Mix 5, the amount of ELP 

and other components increased and decreased, respectively. ELP with a higher value of specific 

heat capacity was replaced with cement and soil material with lower heat capacity values, and 

the overall specific heat capacity of all mixes increased gradually. Figure  5-86 illustrates the 

improvement percentage of specific heat capacity in each mix with respect to in-situ soil and 

Control Mix 1. The specific heat capacity of Mix 3 increased 76 and 55% in oven-dried and wet 

conditions, respectively, with respect to in-situ soil-specific heat capacity. In other words, more 

heat energy is required to increase soilcrete’s unit mass unit temperature compared to what is 

needed for in-situ soil.  

 

5.4.9.4. Heat diffusivity  

Figure  5-87 presents the results of heat diffusivity for all mixes. Generally, heat diffusivity is a 

material’s ability to adjust its temperature to the surrounding environment. For any thermal-

insulating purpose, material with lower heat diffusivity is preferred. Heat diffusivity decreases as 

the amount of ELP increases. Looking at Figure  5-74 and Figure  5-80 and Equation  5-15, it is 

easy to spot the decreasing heat diffusivity. As discussed previously, the volumetric heat 

capacity decreased when the amount of ELP increased. However, the amount of heat 

conductivity reduction was much greater than the amount of volumetric heat capacity, which 

reduced the overall value of heat diffusivity. Figure  5-88 illustrates the reduction percentage of 

heat diffusivity with respect to Control Mix 1 and in-situ soil. The reductions with respect to the 

in-situ soil thermal properties in oven-dried samples were 84% to 89% in Mix 3 to Mix 5, 

respectively. The reductions for the wet samples were in range of 73% to 82% in Mix 3 to Mix 5. 

This indicates that oven-dried samples with a particular amount of moisture content could expect 

more of a decrease in heat diffusivity than wet samples. Figure  5-89 shows the relationship 

between the moisture content and heat diffusivity of the soilcrete specimens in both wet and 

oven-dried conditions. Figure  5-90 illustrates the relationship between heat diffusivity and the 

density of the soilcrete samples in both oven-dried and wet conditions. Samples with low density 

have low heat diffusivity values. In the same manner, by increasing the percentage of the voids 

in the specimen, heat diffusivity decreases (Figure  5-91). 
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5-5. Conclusions 

Based on the aforementioned discussion and test results, in-situ soil properties used in the 

laboratory experiment are as follows. 

 

Properties  Values  Comments  

In-situ moisture content: 15.5%  

Liquid limit: 36.4 % 

Inorganic clays of medium plasticity Plastic limit: 19.57% 

Plasticity index: 16.83% 

UCSC soil classification: CL Sandy lean clay 

Specific gravity: 2.7  

Optimum moisture content: 14.75%  

Dry density: 1785 kg/m3 At optimum moisture content 

Dry density: 1785 kg/m3 At in-situ moisture content 

Unconfined compression strength:  370 kPa At in-situ moisture content 

Modulus of elasticity: 48 kPa At in-situ moisture content 

Thermal conductivity: 1.41 W/m.K 

Based on laboratory  

and field thermal properties test 

Thermal diffusivity: 1.56 mm2/s 

Volumetric heat capacity: 0.83 MJ/m3. K 

Specific heat capacity: 465 J/kg. K 

 

Based on the results of the physical, mechanical, and thermal properties tests in the laboratory, 

Mix No. 3 was chosen for the actual jet grouting experiment that will be discussed in Chapter 

six. Mix No. 3 has the best mechanical and thermal properties with respect to improving the 

thermal properties of in-situ soil and maintaining enough strength to prevent any settlement and 

collapse on the surface of the ground. The physical, mechanical, and thermal properties of fresh 

grout, fresh soilcrete and 28-day hardened soilcrete of Mix 3 are presented as follows.   

 

Properties  Values  Comments  Improvement  

Fresh grout density 1501.47 kg/m3   

Fresh soilcrete density 1765.56 kg/m3   

28-day hardened soilcrete 1661.53 kg/m3 Wet  
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1127.39 kg/m3 Dry   

Bleeding of fresh grout 43.75%   

Marsh Funnel viscosity 22 sec   

Bulk density 1094.3 kg/m3   

Voids  53.20%   

Unconfined compression strength 

28-day  

1.814 MPa Wet  390.2 % increase 

1.978 MPa Dry  435% increase 

Modulus of elasticity  

28-day  

222.64 MPa Wet  463733% increase 

156.43 MPa Dry  325795% increase 

Splitting tensile strength  

28-day  

0.463 MPa Wet   

0.324 MPa Dry   

28-day moisture content 46.55% Wet   

Thermal conductivity  
0.52 W/m.K Wet 63% reduction 

0.23 W/m.K Dry  83% reduction 

Thermal diffusivity 
0.42 mm2/s Wet 73% reduction 

0.25 mm2/s Dry  84% reduction 

Volumetric heat capacity 
1.19 MJ/m3. K Wet 44% increase 

0.92 MJ/m3. K Dry  11% increase 

Specific heat capacity 
719.81 J/kg. K Wet 55% increase 

819.4 J/kg. K Dry  76% increase 

 

The literature values of different properties were discussed in Chapter three. Values of fresh 

grout density as well as UCS and thermal conductivity of hand-mixed soilcrete specimens were 

verified with the values reported in the literature. Density for a typical grout type in a jet grouting 

operation (Equation  3-56) is 1500 kg/m3, which is in agreement with the calculated density of 

the No. 3 grout mixture (1501.47 kg/m3) in the laboratory experiment. The UCS of soilcrete 

created by different jet grouting systems in different jobsites on clay soil was reported to be 1 to 

2.4 MPa (Table  3-1, Table  3-9, Table  3-10, Figure  3-46, Figure  3-62, Figure  3-65, Figure  3-66, 

and Figure  3-69). The values in wet and dry conditions of hand-mixed soilcrete specimens were 

1.814 and 1.978 MPa. It is clear that the calculated values are in agreement with the literature 

findings. The thermal conductivity of lightweight concrete was reported to be between 0.1 and 

0.5 W/m. K (Engineering 2015; Norlite 2015; ASTM:C332-09 2009). Results showed that 
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thermal conductivity values of hand-mixed soilcrete specimens in wet (0.52 W/m.K) and dry 

(0.23 W/m.K) conditions were within the same range. Considering the results, the following 

conclusions have been reached: 

 

1) The density of mixes decreased dramatically as the amount of ELP increased. 

 

2) Density remains almost the same after the seventh day of curing. 

 

3) Fresh grout density decreased and percentage of bleeding increased as the amount of ELP 

increased. 

 

4) The viscosity of fresh grout decreased as the amount of ELP increased. 

 

5) Increasing the amount of ELP, decreased and increased, respectively, the bulk density 

and volume of permeable pore spaces of soilcrete mixes. 

 

6) UCS, E, and STS generally decreased as the amount of ELP increased. 

 

7) Mix 3 reached a value of UCS that was almost 435% higher than that of in soil after 28-

days of mixing. 

 

8) UCS, E, and STS decreased as the specimen’s density decreased and its voids increased.  

 

9) The thermal conductivity of oven-dried mixes decreased 79% to 89% in Mix 2 to Mix 5 

with respect to the in-situ soil heat conductivity value. Also the oven-dried thermal 

conductivity of Mix 3 improved 83%. 

 

10) The thermal conductivity of wet mixes decreased 55% to 83% in Mix 2 to Mix 5 with 

respect to the in-situ soil heat conductivity value. Also the wet thermal conductivity of 

Mix 3 improved 63%. 

 



205 

 

11) The thermal diffusivity of oven-dried mixes decreased 82% to 88% in Mix 2 to Mix 5 

with respect to the in-situ soil heat diffusivity value. Also the oven-dried thermal 

diffusivity improved 84% in Mix 3. 

 

12) The thermal diffusivity of wet mixes decreased 62% to 82% in Mix 2 to Mix 5 with 

respect to the in-situ soil heat conductivity value. Also the wet thermal conductivity of 

Mix 3 improved 73%. 

 

13) The oven-dried volumetric and specific heat capacity improved 11% and 76% in Mix 3, 

respectively, with respect to the in-situ soil thermal properties. Also the wet volumetric 

and specific heat capacity of Mix 3 improved 44% and 55% respectively, with respect to 

the in-situ soil thermal properties. 

 

14) A strong relationship has been found between density, voids, and moisture content versus 

the UCS, STS, E, thermal conductivity, thermal diffusivity, volumetric and specific heat 

capacity; STS versus UCS; UCS versus E; STS versus E; bleeding versus fresh grout 

density; MFV versus fresh grout density; and density versus voids and moisture content. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



206 

 

Table  5-1 Minimum requirement for mass of test specimen, and balance readability (ASTM:D2216-10 2010) 

Maximum particle size (100% passing) Method B, water content recorded to ±0.1% 

SI Unit Sieve size Alternative sieve size Specimen mass Balance readability (g) 

75.0 mm 3 in 50 kg 10 

37.5 mm 1 ½ inch   10 kg 10 

19.0 mm ¾ inch 2.5 kg 1 

9.50 mm 3/8 inch  500 g 0.1 

4.75 mm No. 4 100 g 0.1 

2.00 mm No. 10 20 g 0.01 

 

 

 

Table  5-2 UCS of specimens with different moisture contents 

Moisture content, w, % 10.82 12.5 14.92 17.49 20.36 

Average UCS, kPa - 382.39 395.11 216.15 110.14 

 

 

 

Table  5-3 Modulus of elasticity of specimens with different moisture contents 

Moisture content, w, % 10.82 12.5 14.92 17.49 20.36 

Average Modulus of elasticity, kPa - 196.13 63.86 18.57 7.29 

 

 

 

Table  5-4 Thermal properties of the given soil in the experiments using empirical methods 

Heat conductivity Volumetric heat capacity Thermal diffusivity 

Figure  5-32 

37451 (Btu/ft3 oF) 
2.51 (MJ/m3. K) 

0.71 (mm2/sec) 

1.125 (Btu. ft/ft2. h. F) 
1.945 (Watt/m. K) 

Equation  5-18 

11.337 (Btu. in/ft2. h. F) 
0.9447 (Btu. ft/ft2. h. F) 

Equation  5-20 

1.635 (Watt/m. K) 
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Table  5-5 Results of thermal test on soil core samples (SMPE 2012a; SMPE 2012b) 

Depth (m) Thermal Conductivity (W/mK) Thermal Diffusivity (mm2/s) Specific Heat (MJ/m3K) 
6.4008 1.422 0.5138 2.767 

9.7536 1.13 1.31 0.8624 

9.7536 1.029 0.9113 1.129 

10.3632 0.4481 1.84 0.2436 

12.8016 1.864 1.444 1.291 

12.8016 1.894 1.27 1.491 

13.4112 0.8654 1.418 0.6105 

14.6304 0.4949 1.987 0.2491 

15.8496 0.7821 0.9866 0.7928 

22.5552 1.289 0.5444 2.368 

23.4696 0.1725 3.421 0.1725 

25.908 1.386 0.6272 2.21 

27.1272 0.8839 1.609 0.5498 

28.956 1.101 0.9164 1.202 

30.1752 1.41 0.6864 2.054 

31.0896 0.6178 3.534 0.1748 

32.004 1.03 1.77 0.5818 

34.1376 1.515 2.425 0.6245 

34.7472 1.051 0.7257 1.448 

35.3568 1.357 0.8463 1.604 

35.9664 0.3458 1.354 0.2553 

39.624 1.468 0.7048 2.083 

41.4528 1.594 2.051 0.7769 

43.2816 1.767 1.283 1.377 

44.5008 0.6496 3.7 0.1756 

46.3296 1.333 1.01 1.32 

46.9392 1.24 1.386 0.8949 

46.9392 0.9215 2.403 0.3826 

48.4632 1.695 0.9616 1.763 

50.292 0.6241 2.462 0.2535 

50.292 0.779 2.645 0.2945 

53.0352 0.9631 1.713 0.5621 

54.2544 0.6805 1.128 0.6031 

56.0832 1.285 0.9819 1.309 

63.7032 0.4343 0.5425 0.8005 

64.3128 1.092 0.9709 1.125 

 

Table  5-6 Proportions of the aggregates 

Aggregates Combination Measure  
Soilcrete 

1 2 3 4 5 

C.M.
1
 C.M. = ELP + Cement By weight 0.00 0.15 0.30 0.50 0.70 

Grout=Water/C.M. Grout = Water + C.M. By volume 1.00 1.00 1.00 1.00 1.00 

Water/Grout Jet Grouting By volume 0.40 0.40 0.40 0.40 0.40 

Grout/Soil=(8/5) Soilcrete = Grout + Soil By volume 1.60 1.60 1.60 1.60 1.60 

 

 

 

 

 

                                                 
1 Cementitious Material 
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Table  5-7 Final proportions of aggregates in the soilcrete body 

Aggregates  Measure 
Soilcrete 

1 2 3 4 5 

Soilcrete 
Lit 21.34 31.02 40.70 53.61 66.52 

kg 30.28 30.28 30.28 30.28 30.28 

Amount of ELP in soilcrete 
By volume % 0.00 34.04 51.88 65.65 74.07 

By weight % 0.00 4.36 8.72 14.53 20.34 

Amount of soil in soilcrete 
By volume % 34.25 23.56 17.95 13.63 10.99 

By weight % 43.91 43.91 43.91 43.91 43.91 

Amount of cement in soilcrete 
By volume % 27.40 16.02 10.05 5.45 2.64 

By weight % 29.06 24.70 20.34 14.53 8.72 

Amount of water in Soilcrete 
By volume % 38.36 26.39 20.11 15.27 12.30 

By weight % 27.03 27.03 27.03 27.03 27.03 

 

Table  5-8 Unit weight of grout and soilcrete mixes 

 Mix No. 

Density, kg/m3 1 2 3 4 5 

Fresh Grout  1871.19 1622.20 1501.47 1350. 1214.76 

Fresh Soilcrete  2014.54 1878.735 1765.558 1705.2 1644.83 

3
rd

 Day Hardened Wet  1898.65 1791.96 1697.02 1582.17 1497.04 

7
th

 Day Hardened Wet 1883.79 1793.1 1694.8 1581.59 1499.37 

28
th

 Day Hardened Wet 1896.88 1796.53 1661.53 1577.14 1502.81 

3
rd

 Day Hardened Oven Dry 1396.3 1232.98 1102.27 951.7 830.47 

7
th

 Day Hardened Oven Dry 1482.34 1274.245 1131.17 993.56 939.24 

28
th

 Day Hardened Oven Dry 1504.77 1355.07 1127.39 977.77 912.97 

 

 

Table  5-9 Expansion and bleed water of grout mixes 

Grout mix No. 1 2 3 4 5 

Bleeding -9.375 -18.75 -43.75 -68.75 -72.5 

Expansion 9.375 18.75 43.75 68.75 72.5 

 

 

Table  5-10 Marsh Funnel Viscosity test results 

Grout mix No. 1 2 3 4 5 

MFV, seconds 29 24 22 19 15 

 

 

Table  5-11 Density and voids of hardened soilcrete specimens  

Mix No. 1 2 3 4 5 

Bulk density, dry, kg/m3 1465.7 1283.2 1094.29 955.52 859.84 

Volume of permeable pore spaces (voids), % 37.19 44.94 53.20 57.57 59.88 
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Table  5-12 UCS test results 

Unconfined Compressive Strength, MPa 
Mix No. 

1 2 3 4 5 

3rd Day Hardened Wet UCS 3.312 1.766 0.808 0.266 0.082 

7th Day Hardened Wet UCS 5.276 2.123 0.846 0.349 0.113 

28th Day Hardened Wet UCS 6.571 4.173 1.814 0.755 0.196 

3rd Day Hardened Oven Dry UCS 5.638 1.972 0.905 0.288 0.103 

7th Day Hardened Oven Dry UCS 5.462 3.115 1.279 0.399 0.201 

28th Day Hardened Oven Dry UCS 10.055 4.588 1.978 0.686 0.187 

 

 

Table  5-13 Modulus of elasticity of soilcrete in different mixes 

Modulus of elasticity, MPa 
Mix No. 

1 2 3 4 5 

3
rd

 Day Hardened Wet  158.313 93.873 49.042 15.076 5.261 

7
th

 Day Hardened Wet  465.520 158.330 48.018 22.904 19.867 

28
th

 Day Hardened Wet 1280.322 823.678 222.638 39.668 12.820 

3
rd

 Day Hardened Oven Dry  378.462 102.666 48.321 15.729 4.989 

7
th

 Day Hardened Oven Dry  1056.134 382.942 92.561 20.248 17.482 

28
th

 Day Hardened Oven Dry  1118.043 398.443 156.431 28.210 5.712 

 

 

Table  5-14 Splitting tensile strength test results 

Splitting tensile strength, MPa  
Mix No. 

1 2 3 4 5 

3rd Day Hardened Wet  0.906 0.338 0.141 0.057 0.015 

7th Day Hardened Wet - 0.515 0.211 0.063 0.024 

28th Day Hardened Wet  1.851 0.952 0.463 0.179 0.053 

3rd Day Hardened Oven Dry  - - - - - 

7th Day Hardened Oven Dry  - 0.349 0.113 0.039 0.026 

28th Day Hardened Oven Dry  1.910 0.818 0.324 0.135 0.044 

 

 

Table  5-15 Moisture content of each mix during time 

Moisture content, % 
Mix No. 

1 2 3 4 5 

3rd Day Hardened  36.31 45.20 54.39 67.09 80.14 

7th Day Hardened  27.29 40.69 49.65 60.86 60.41 

28th Day Hardened  26.55 32.74 46.55 56.46 59.70 
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Table  5-16 Thermal properties of aggregates
1
  

 K, W/m. K C, MJ/m3. K c, J/kg. K α, mm2/sec γ, kg/m3 

ELP material 0.04 0.06 837 0.67 71.49 

Cement  0.29 1.11 740 0.26 1505 

Soil
2
  1.41 0.83 465 1.56 1785 

Free water 0.58 4.2 4200
3
 0.14 1000 

Air 0.026 0.0012 1010 20 1.2 

 

 

Table  5-17 Thermal properties of soilcrete mixes  

Thermal properties of 56
th

-day Hardened  

Specimen  

Mix No. 

1 2 3 4 5 

W
et

 

Thermal conductivity, W/m. K 0.77 0.63 0.52 0.30 0.22 

Thermal diffusivity, mm2/s 0.57 0.58 0.42 0.33 0.28 

Volumetric heat capacity, MJ/m3. K 1.38 1.07 1.19 0.92 0.81 

Specific heat capacity, J/kg. K 730.14 599.21 719.81 584.91 544.44 

O
v

en
-d

ri
ed

 Thermal conductivity, W/m. K 0.36 0.29 0.23 0.18 0.14 

Thermal diffusivity, mm2/s 0.31 0.28 0.25 0.22 0.19 

Volumetric heat capacity, MJ/m3. K 1.24 1.129 0.92 0.83 0.78 

Specific heat capacity, J/kg. K 826.70 833.65 819.49 857.86 860.81 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
1 An approximate thermal property values have been provided for air, cement and water. 
2 Thermal properties of in situ soil used in laboratory experiment have been provided. 
3 Bound water has specific heat capacity of 2200 J/kg. K. 
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Figure  5-1 Delivered cores samples from GSS Geothermal Ltd 

 

 
Figure  5-2 Extracted soil sample from core barrels 

 

    
Figure  5-3 Rock crusher machine 

 

 
Figure  5-4 Maximum particle size of soil after crushing, 2cm 
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Figure  5-5 Rock grinder machine 

 

 
Figure  5-6 Maximum particle size passes sieve No.4 after grinding 

 

 
Figure  5-7 Mixing all grinded soil samples together 

 

 
Figure  5-8 Hydrometer test on portion smaller than sieve No. 10 
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Figure  5-9 Distribution of Particle-Size Analysis 

 

 

 
Figure  5-10 Atterberg limits (Das 2008) 
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Figure  5-11 Liquid limit test: (a) liquid limit device; (b) grooving tool; (c) soil pas before test; (d) soil pat after test 

(Das 2008) 

 

 
Figure  5-12 Flow curve for liquid limit determination 
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Figure  5-13 Plasticity chart (ASTM:D2487-11 2011; Das 2008) 

 

 
Figure  5-14 Flowchart group names for inorganic silty and clayey soils (Das 2008; ASTM:D2487-11 2011) 
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Figure  5-15 Specific gravity test 

 

 
Figure  5-16 Principles of compaction (Das 2008) 

 

 
Figure  5-17 Standard Proctor test equipment: (a) mold; (b) hammer (Das 2008) 
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Figure  5-18 Compacted soil samples 

 

 
Figure  5-19 Standard Proctor compaction test results for the soil samples 

 

  
Figure  5-20 Pushing Shelby tubes through remolded soil samples 
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Figure  5-21 Shelby tubes inside the remolded soil samples 

 

  
Figure  5-22 Extracting soil samples from Shelby tubes 

 

 
Figure  5-23 Soil sample for UCS test 

 

 
Figure  5-24 Unconfined Compression Strength test (Das 2008) 
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Figure  5-25 Cross-sectional area correction determination (Das 2008) 

 

     
Figure  5-26 Failure of specimens under UCS tests for 10.82%, 12.5%, and 14.92% 

 

   
Figure  5-27 Failure of specimens under UCS test for 17.49%, 20.36% 
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Figure  5-28 UCS of soil specimens versus moisture content  

 
Figure  5-29 Average stress-strain curves for different moisture contents 

 

 
Figure  5-30 Modulus of elasticity of soil specimens with different moisture contents 
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Figure  5-31 Heat flow through an element of soil (Farouki 1986) 

 

 
Figure  5-32 Thermal properties and water content for standard soils

1
 (Sanger 1968) 

 

                                                 
1 L(Btu/ft3) = 1.44 × γd(lb/ft

3) × w(%); CF = γd(0.17 + 0.005w); CU = γd(0.17 + 0.01w). The value CF is 
always about 30 in saturated soils and CU varies between 35 and 50 but is usually 45. The heat capacity of soil 
can be calculated by multiplying CU with mass specific heat of water (cw). 
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Figure  5-33 TPS 1500 setup in the laboratory 

 

 
Figure  5-34 Sample preparation (SMPE 2012a; SMPE 2012b) 

 

 
Figure  5-35 Variation of thermal conductivity with depth 
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Figure  5-36 Variation of specific heat capacity with depth 

 

 
Figure  5-37 Variation of heat diffusivity with depth 
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Figure  5-38 Vertical profile of heat conductivity based on laboratory and field thermal tests (SMPE, 2012a, 2012b) 
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Figure  5-39 Grain size distribution of various cement (Karol 2003) 

 

 
Figure  5-40 Grain size distribution of ELP 
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Figure  5-41 Grinding the top and bottom of the specimens 

 

 
Figure  5-42 Density of fresh grout and soilcrete specimens with different mixtures of ELP  

 

 
Figure  5-43 Density of fresh grout and soilcrete mixes during curing time  
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Figure  5-44 Relationship between density of fresh grout and its bleeding in all mixes 

 

 
Figure  5-45 Relationship between fresh grout density and Marsh Funnel Viscosity 

 

 
Figure  5-46 56-day volume of permeable pore spaces in different soilcrete mixes 
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Figure  5-47 Relationship between volume of permeable pore spaces versus 28-day density in soilcrete mixes 

 

     
Figure  5-48 UCS test on soilcrete samples 

 

 
Figure  5-49 UCS of soilcrete specimens with different mixtures of ELP material 
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Figure  5-50 UCS of soilcrete specimens during curing times 

 

 
Figure  5-51 UCS reduction with respect to controlling mix 1 
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Figure  5-52 UCS improvement percentage with respect to in-situ soil strength (370 kPa) 
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Figure  5-53 Progression of soilcrete mixes during curing time and in-situ soil strength   
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Figure  5-54 28-day UCS of soilcrete mixes versus 28-day density 

 

 
Figure  5-55 28-day UCS of soilcrete mixes versus voids 
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Figure  5-56 Modulus of elasticity of soilcrete specimens with different mixtures of ELP material 

 

 
Figure  5-57 Relationship between 28-day density and 28-day modulus of elasticity of soilcrete mixes 
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Figure  5-58 Relationship between 28-day UCS and E of soilcrete mixes  

 

 
Figure  5-59 Relationship between E and UCS of soilcrete mixes in all ages 
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Figure  5-60 Relationship between 28-day E and voids of soilcrete mixes 

 

 
Figure  5-61 Splitting tensile strength of soilcrete specimens with different mixtures of ELP material 
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Figure  5-62 Relationship between 28-day STS and 28-day density of soilcrete mixes 

 

 
Figure  5-63 Relationship between 28-day STS and 28-day UCS of soilcrete mixes 
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Figure  5-64 Relationship between STS and UCS of soilcrete mixes in all ages 

 

 
Figure  5-65 Relationship between 28-day STS and 28-day E of soilcrete mixes 

y = 0.1916x1.0163 
R² = 0.9489 

0

0.5

1

1.5

2

2.5

0 2 4 6 8 10 12

ST
S,

 M
P

a 

UCS, MPa 

Scatters all ages

Power (Scatters all ages)

y = 633.56x1.3931 
R² = 0.9801 

y = 70.471x2 + 459.88x - 18.839 
R² = 0.9992 

0

200

400

600

800

1000

1200

1400

1600

0 0.5 1 1.5 2 2.5

E
, M

P
a 

STS, MPa 

Wet

Oven-dried

Power (Wet)

Poly. (Oven-dried)



238 

 

 
Figure  5-66 Relationship between 28-day STS and voids of soilcrete mixes 

 

 
Figure  5-67 Moisture content of soilcrete mixes in different curing times 

 

 
Figure  5-68 Relationship between 28-day moisture content and 28-day density of soilcrete mixes 
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Figure  5-69 Relationship between 28-day moisture content and 28-day UCS of soilcrete mixes 

 

 
Figure  5-70 Relationship between 28-day moisture content and 28-day E of soilcrete mixes 
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Figure  5-71 Relationship between 28-day moisture content and 28-day STS of soilcrete mixes 

 

 
Figure  5-72 Relationship between 28-day moisture content and voids of soilcrete mixes 

 

  
Figure  5-73 Soilcrete samples for thermal properties test 
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Figure  5-74 Thermal conductivity of soilcrete mixes with increasing ELP material 

 

 
Figure  5-75 Thermal conductivity reduction with respect to controlling mix 1 and in-situ soil thermal properties 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1 2 3 4 5

T
h

er
m

al
 c

o
n

d
u

ct
iv

it
y

, W
/m

.K
 

Mix No. 

Wet

Oven-dried

In situ soil

-100

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

1 2 3 4 5

T
h

er
m

al
 c

o
n

d
u

ct
iv

it
y

 r
ed

u
ct

io
n

 (
%

) Mix No. 

Oven-dried with respect to the controlling mix 1

Oven-dried with respect to the in situ soil

Air-dried with respect to the controlling mix 1

Air-dried with respect to in situ soil



242 

 

 
Figure  5-76 Relationship between thermal conductivity and moisture content of soilcrete 

 

 
Figure  5-77 Thermal conductivity reduction from wet to oven-dried condition versus moisture content of each mix 
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Figure  5-78 Relationship between thermal conductivity and 28-day density of soilcrete  

 

 
Figure  5-79 Relationship between thermal conductivity and voids of soilcrete 
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Figure  5-80 Volumetric heat capacity of soilcrete mixes with increasing ELP material 

 

 
Figure  5-81 Improvement percentage of volumetric heat capacity of soilcrete mixes with respect to in-situ soil and 

controlling mix 1 
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Figure  5-82 Relationship between volumetric heat capacity and moisture content of soilcrete 

 

 
Figure  5-83 Relationship between volumetric heat capacity and 28-day density of soilcrete 
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Figure  5-84 Relationship between volumetric heat capacity and voids of soilcrete 

 

 
Figure  5-85 Specific heat capacity of soilcrete mixes with increasing ELP material 

 

 
Figure  5-86 Specific heat capacity improvement percentage in all mixes with respect to in-situ soil and controlling 
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Figure  5-87 Heat diffusivity of soilcrete mixes with increasing ELP material 

 

 
Figure  5-88 Heat diffusivity improvement percentage in all mixes with respect to in-situ soil and controlling mix 1 

 

 
Figure  5-89 Relationship between heat diffusivity and moisture content of soilcrete mixes 
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Figure  5-90 Relationship between heat diffusivity and 28-day density of soilcrete mixes 

 

 
Figure  5-91 Relationship between heat diffusivity and voids of soilcrete mixes 
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Appendix  5-1 Vertical profile and core logging data sheet (SMPE 2012a) 

Column Description Legend for Mineralogy 

A Depth, ft (marked on core)   Soil 

B Depth, inch (measured)   Coal 

C Mineralogy   Lite Grey Clay 

D Notes on the core holder   Dark Grey Clay 

E Comments   Lite Brown Clay 

      Dark Brown Clay 

    Green Clay 

    Sand 

  

 

Gravely 

  

 

Sandy 

    Clay or Clayey 

 

A B C D E 

1 12 
 

0-60 62" long, approximately 10" of soil 

2 24 
 

3 36 
 

4 48 
 

5 62 
 

6 72 
 

60-120 

54" long, hard clay,  

softens and dries near 60 end 

sample taken 28" from the 120 end 

7 
  

8 
  

9 
  

10 116 
 

11 
  

120-180 
43" long, hard clay 

12 
  

13 
  

14 
  

15 159 
 

Some loose, broken clay 50" long 16 
  

180-240 

17 
  

18 
  

Lite brown clay 19 
  

20 209 
 

21 228 
 

207-273 

67" long, clay is lighter, sample 9" from 207 end 

22 240 
 

Gravelly 

23 276 
 

Hard Dark clay 43" long 

24 
  

273-318 
25 

  
26 

  
27 319 

 
28 

  
318-360 

42" long 

29 346 
 

some sand 

30 361 
 

Hard Dark clay 

31 
  NA 

29" + 25" = 54" long, dark sandy clay,  

sample 13" from 360 end 32 415 
 

33 
  

360-420 
27" + 19" = 48" long, hard, dark clay,  

sample 6" from 420 end 
34 

  
35 463 
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36 
  

420 - 480 
17" + 39" = 58" long,  

hard dark gravelly clay 

37 
  

38 
  

39 
  

40 521 
 

41 
  

480-540 3 of 3 

48" + 19" = 67" long, hard, dark gravelly clay,  

sample 36" from 540' end 42 
  

43 588 
 

Rocks 

44 
  

540-600 2 of 3 

27" + 40" = 67" long,  

hard dark gravelly clay, sample 7" from 600 end 45 643 
 

46 
  

sandy hard dark clay 

47 655 
 

sand 

48 667 
 

600 - 700 1 of 3 
44" long, sand turning to hard brown clay and finally gravel,  

sample 9" from 600 end and sample 3" from 700 End 
49 689 

 
50 699 

 
51 

  

600-660 2 of 2 

53" long, hard grey clay,  

turning to soft dark brown clay,  

sample 16" from 660 end 

52 
  

53 
  

54 736 
 

55 752 
 

56 
  

660-720 1 of 2 

65" long,  

hard grey clay turning to brown clay,  

sample 17" from 720 end 

57 
  

58 
  

59 803 
 

60 817 
 

61 
  

720-840 
19.5" long,  

grey clay changes to brown 

62 
  

63 
  

64 
  

65 830 
 

66 
  

67 
  

68 
  

69 
  

70 837 
 

71 
  

840-900 2 of 2 

28" + 35" = 63" long,  

soft brown gravelly clay/silt,  

sample 22" from 900 end 

72 
  

73 
  

74 
  

75 893 
 

76 
  

900-960 1 of 2  

61" long, brown gravelly,  

sample 11" from 960 end 77 906 
 

78 
  grey w/fine sand 

79 950 
 

80 954 
 

Dark/gravelly w/ blue/green tinge 

81 972 
 

4 of 4 

47" long, blue/green clay turning to dark,  

gravelly clay,  

sample 8" from 960 End 

82 
  

83 1001 
 

84 1009 
 

960 3 of 4 

54" long, dark,  

gravelly clay w/ 28" of lite grey clay in between,  

sample 7"  

85 1037 
 

86 1055 
 

87 
  960-1020 2 of 4 

46" long,  

dark grey clay w/ gravel and oxidization 88 1101 
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89 1137 
 1020-1080 1 of 4 

48" long w/ grey clay, coal,  

sample 11"  90 1149 
 

91 
  

1080 - 1200 3 of 3 
67" long dark, hard silty clay 

92 1184 
 

93 1216 
 

coal 

94 
  

1080 - 1200 2 of 3 

57" long, oxidized,  

more near 1080 end, hard dark clay,  

sample 30" from 1080 end 

95 
  

96 1273 
 

97 1280 
 

1080 - 1200 1 of 3 

43" long, hard,  

dark clay w/ gravel for part,  

sample 7" from 1200 end 

98 1288 
 

99 
  

100 1316 
 

101 1328 
 

1200-1320 4 of 4 

43" long,  

grey clay w/ oxidation,  

some gravel at top sample 6" from 1200 end 

102 
  

103 1359 
 

104 
  1200-1320 3 of 4 

50" long, grey clay w/ oxidization  

sample 17" from 1200 end 105 1409 
 

106 
  1200-1320 2 of 4 39" long, grey clay 

107 1448 
 

108 
  

1200-1320 1 of 4 

68" long gravel towards top,  

grey clay,  

sample 14" from 1320 end 

109 
  

110 1516 
 

111 
  

1320-1440 3 of 3 

52" long clay w/ coarse sand  

sample 19" from 1320 end 112 
  

113 1568 
 

coal 

114 
  

1320-1440 2 of 3 

74" long clay w/ fine sand near top,  

coarser at bottom  

samples 19" and 61" from 1440 end 

115 
  

116 1642 
 

117 1662 
 

1320-1440 1 of 3 

49" long, brown clay on top,  

the rest grey clay,  

sample 14" from 1320 end 

118 
  

119 
  

120 1691 
 

121 
  

1440-1560 

57" long green clay 

122 
  

(sample @ 117'2" (6" long)) 

123 
   

124 
  

(sample at 120'3" (3" long)) 

125 
   

126 
   

127 1730 
 

coal 

128 
  

grey clay (sample @ 126'6" (4" long)) 

129 1742 
 below this was measured from the bottom 

130 1748 
 

131 1529 
 

Section starts at 1320 130'10"-127'5" coal 

132 1570 
   

133 
   

139'5" - 130'10" dark grey clay 

134 
    

135 
    

136 
   

sample @ 136'4" (4.5"long) 

137 
    

138 
    

139 1673 
   

140 
   

144'10" - 139'5" light grey clay (gravelly) 

141 
    

142 
   

sample @142'5" (6" long) 
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143 
    

144 1738 
   

145 
   

146'8"-144'10" dark clay 

146 
   

sample @145'7" (4" long) 

147 1760 
  

148'0" - 146'8" light grey clay 

148 
   

sample @ 147'9" (4" long) 

149 
    

150 1776 
 

Section ends at 150' 
 

151 1812 
  

151'-148' lite grey sandy clay 

152 1824 
  

sample @148'6" (2.5" long) 

153 1836 
  

171'-151' grey clay 

154 1848 
  

sample @ 153' (6" long) 

155 1860 
   

156 1872 
   

157 1884 
   

158 1896 
   

159 1908 
  

sample @ 159'6" (8" long) 

160 1920 
   

161 1932 
   

162 1944 
   

163 1956 
   

164 1968 
   

165 1980 
  

sample @ 165' (9.5" long) 

166 1992 
   

167 2004 
   

168 2016 
   

169 2028 
   

170 2040 
   

171 2052 
   

172 2064 
  

175' -171' dark, sandy clay w/ coal 

173 2076 
   

174 2088 
  

sample @174'11" (6" long) 

175 2100 
   

176 2112 
  

175'8"-175' hard sand/clay light (rock?) 

177 2124 
  

sample @ 175'2.5" (5.5" long) 

178 2136 
  

178'2"-175'8" dark clay w/coal sample @176'10"(6" long) 

179 2148 
  

180'6"-178'2" coal 

180 2160 
  

sample @ 179'8" (3.5" long) 

181 2172 
  

185'10"-180'6" sandy dirt 

182 2184 
   

183 2196 
   

184 2208 
  

sample @183'9" (4.5" long) 

185 2220 
   

186 2232 
   

187 2244 
  

190'3"-185'10" grey clay 

188 2256 
  

sample @ 187'8" (6" long) 

189 2268 
   

190 2280 
   

191 2292 
  

191-190'3" coal 

192 2304 
  

196'2"-191' dark clay/sand 

193 2316 
   

194 2328 
   

195 2340 
   

196 2352 
   

197 2364 
  

197'6"-196'2" clay/coal mixture 

198 2376 
  

sample @ 197'4" (4.5" long) 
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199 2388 
  

200-197'6" dark clay/sand 

200 2400 
  

sample @ 198'1" (7.5" long) 

201 2412 
  

205.5'-200' lite brown clay/sand 

202 2424 
   

203 2436 
  

sample 203'3" (5.5" long) 

204 2448 
   

205 2460 
   

206 2472 
  

205.5'-206.5' green clay 

207 2484 
  

sample at 206' (6.5" long) 

208 2496 
  

208.5-206.5 clay/coal mixture 

209 2508 
  

sample @ 207'1" (7" long) 

210 2520 
  

211.5-208.5 brown clay 

211 2532 
  

sample @ 211' (4" long) 

212 2544 
  

214.5-211.5 clay/coal mixture 

213 2556 
  

sample @ 213' (3" long) 

214 2568 
  

sample @ 214'5" (4.5" long) 

215 2580 
  

216.5-214.5 coal 

216 2592 
  

sample @ 215' (1.5" long) 

217 2604 
  

217-216.5 coal/lite brown clay mix 

218 2616 
  

220-217 coal 

219 2628 
  

sample @219'3" (2.5" long) 

220 2640 
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Appendix  5-2 Unit conversion information 

 

British Thermal Unit (BTU) is amount of the energy needed to cool or heat one pound of water 

by one degree of Fahrenheit at constant pressure of 1 atm. However to convert the BTU to 

calories, there are several definitions of the BTU exists and that is because the temperature 

response of water to heat energy is non-linear. Therefore the change in temperature of water 

mass caused by adding a certain amount of heat to water is function of water’s initial 

temperature. Thus the definition of BTU is based on the different water temperatures and can 

vary by up to 0.5%. In Thermochemical (Th) aspects, the exact conversion of between calorie 

and joule 1 Calorie = 4.184 Joules is used where 1 BTU = 1054.35 Joules =

0.293 Watt. hour. Watt is a unit of power defined by the work required to produce one watt of 

power for one second which equals to one joule per second and measures rate of energy 

conversion or transform (W = J/s = N.m/s = kg.m2/s3). Joule is a unit of energy, work, or 

amount of heat defined by energy expanded or work done in applying a force of one newton 

through a distance of one meter (J = N.m = kg.
m2

s2
= Pa.m3 = W. s). Calorie is amount of the 

energy which equals to exactly 4.18J in thermochemical.  
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Appendix  5-3 Thermal conductivity of unfrozen silt and clay soils as a function of moisture content and dry density 

(mean temperature is 40oF). The degree of accuracy is ±25% (after Kersten 1949) (adopted from (Farouki 1986)) 

 
 

 

Appendix  5-4 Thermal conductivity of frozen silt and clay soils as a function of moisture content and dry density 

(mean temperature is 25oF). The degree of accuracy is ±25% (after Kersten 1949) (adopted from (Farouki 1986)) 
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Appendix  5-5 Average thermal conductivity of unfrozen silt and clay soils as a function of moisture content and dry 

density (Andersland and Anderson 1978) (adopted from (Farouki 1986)) 

 
 

 

Appendix  5-6 Average thermal conductivity of frozen silt and clay soils as a function of moisture content and dry 

density (Andersland and Anderson 1978) (adopted from (Farouki 1986)) 
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Appendix  5-7 Thermal conductivity of unfrozen sandy soils as a function of moisture content and dry density (mean 

temperature is 40oF). The degree of accuracy is ±25% (after Kersten 1949) (adopted from (Farouki 1986)) 

 
 

 

Appendix  5-8 Thermal conductivity of frozen sandy soils as a function of moisture content and dry density (mean 

temperature is 25oF). The degree of accuracy is ±25% (after Kersten 1949) (adopted from (Farouki 1986)) 
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Appendix  5-9 Average thermal conductivity of unfrozen sandy soils as a function of moisture content and dry 

density (Andersland and Anderson 1978) (adopted from (Farouki 1986)) 

 
 

Appendix  5-10 Average thermal conductivity of frozen sandy soils as a function of moisture content and dry density 

(Andersland and Anderson 1978) (adopted from (Farouki 1986)) 
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Appendix  5-11 Stress to strain curve of mix 1 soilcrete 
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Appendix  5-12 Stress to strain curve of mix 2 soilcrete 
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Appendix  5-13 Stress to strain curve of mix 3 soilcrete 
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Appendix  5-14 Stress to strain curve of mix 4 soilcrete 
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Appendix  5-15 Stress to strain curve of mix 5 soilcrete 
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Chapter 6 LABORATORY JET 

GROUTING EXPERIMENT 

 

 

 

 

 

 

 

This chapter examines the reconstruction procedure of the in-situ soil in the jet grouting tank. It 

also discusses implementation steps of the laboratory jet grouting operation after the 

development of the most suitable thermal-insulating grout mixture and the completion of the 

manufacturing laboratory jet grouting setup. Also, the capability of the manufactured jet 

grouting setup and the actual laboratory jet grouting experiment results were verified with well-

documented literature about jet grouting projects. 
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6-1. Introduction  

A developed thermal-insulating grout (Mix No. 3) can improve in-situ soil’s thermal 

conductivity and mechanical properties. If the developed thermal-insulating grout is injected into 

the soil using a jet grouting operation, thermal-insulating barriers can be created for underground 

enclosures. These barriers will keep the heat inside the enclosure from escaping. However, based 

on the literature, the jet grouting technique has been barely used to improve the thermal-

insulating properties of soils. Thus, a laboratory jet grouting operation was implemented with 

different operational parameters such as jetting pressure and flow rates, withdrawal and 

rotational rates, and nozzle sizes to validate previous laboratory results and verify the 

performance of the laboratory jet grouting setup and the groutability of the expanded 

lightweights perlite (ELP) mixed with grout. 

 

6-2. Reconstructing the in-situ soil 
1
  

A large-scale creation and reconstruction of soil with the same properties as the in-situ soil is 

important and challenging. To reconstruct the soil used in the hand-mixed soilcrete samples, the 

same 67-meters borehole provided by GSS Geothermal Ltd. was used (Figure  6-1). The soil used 

was sandy lean clay with medium plasticity. Because cohesive soils have low hydraulic 

conductivity, there was little likelihood of bleeding or permeation into the surrounding area 

during jet grouting, and the soilcrete boundary could be precisely determined.  

The diameter and height of the jet grouting tank were 42 and 40 inches, respectively. After 

taking into consideration the cap of the tank, which is supposed to model the casing length, there 

were 22 inches left at the bottom of the tank on which to perform the jet grouting and which 

must be filled with reconstructed in-situ soil. Based on the dry unit weight of the in-situ soil 

(1785 kg/m3) at its initial moisture content of 15.5%, a total weight of at least 900 kg 

(1984.16 lb) of soil was required to fill the tank.  

To reconstruct the in-situ soil in the jet grouting tank, the length of the core barrel was 

considered to be uniform, with constant physical, mechanical, and thermal properties. However, 

based on the core logging information discussed in Chapter five, there were layers of coal seam 

in the provided core which might have affected the thermal properties of the in-situ soil; those 

layers were taken away from the reconstruction procedure and the total weight of 1000 kg 

                                                 
1
 All tests were done based on the same ASTM methods discussed in Chapter five.  
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(2204.62 lb) of in-situ soil was used for the soil reconstruction (Figure  6-2). The in-situ moisture 

content of the soil was calculated in different elevations following the extrusion of soils from the 

core barrel. Since the total length of soil is considered to be uniform, an average initial moisture 

content of soil was calculated to be 15.5%. All of the soils were extruded from the core barrel, 

oven-dried, crushed using the rock crusher machine, and then ground to reduce the maximum 

particle size to pass a No. 4 sieve. After grinding, all of the soil samples were mixed together to 

produce a uniform soil for a laboratory jet grouting experiment (Figure  6-3). Next, the whole soil 

was mixed with its in-situ water content using a concrete mixer (Figure  6-4). Following the 

mixing, the conditioned soil was poured into the jet grouting tank in layers of five centimeters 

and was compacted using manual compaction hammers (Figure  6-6). A thick layer of plastic was 

placed between the jet grouting tank and soil to prevent the soilcrete from sticking to the jet 

grouting tank after the operation (Figure  6-5). While the soil was being compacted, a five-inch 

steel cylinder was placed in the center of the tank to simulate the jet grouting borehole in the 

center of the compacted soil where the jetting monitor is supposed to be lowered down the hole 

(Figure  6-8). Shelby tubes were pushed into the compacted soil in different layers to extract the 

soil cores for engineering property tests including moisture content, unconfined compressive 

strength (UCS), and direct shear strength (Figure  6-7). The Shelby tubes were kept in the steady 

moisture room until the test day.  

 

6-3. Reconstructed soil test results and discussion 

The moisture content of reconstructed soil from 15 specimens in different compaction layers was 

calculated to be 16%. The uniaxial compressive strength (Figure  6-9) of reconstructed soil and 

its wet density was calculated to be 350 kPa and 1767 kg/m3, respectively. All three values are 

in good agreement with the in-situ soil properties measured in Chapter five.  

The shear strength of soil is another important property which engineers need to know in order to 

analyze soil stability and the bearing capacity of foundations and piles. Mohr (1900) presented a 

theory that material fails because of a critical combination of shear and normal stress and not just 

because of the failure from exceeding the maximum normal or shear stress alone. 

Equation  6-1can be used to express a functional relationship between the normal and shear stress 

(Das 2008).  
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Equation  6-1 

τf = f(σ) 

Where, 

τf: shear stress on the failure plane 

σ: normal stress on the failure plane 

 

The defined relationship in Equation  6-1 is a curve envelope. However, in most soils and 

geotechnical projects, it is sufficient to define the failure envelope as a linear line (Equation  6-2), 

the Mohr-Coulomb failure criteria (Figure  6-10) (Das 2008).  

 

Equation  6-2 

τf = c + σ tanφ 

 

Where,  

c: cohesion (between particles, stress independent component); cementation 

between sand grains or electrostatic attraction between clay particles 

  φ: angle of internal friction (between particles, stress dependent component) 

 

The shear strength parameters can be determined using two different laboratory tests: the direct 

shear test and triaxial test. In the current research, a set of direct shear tests was performed in the 

laboratory to identify shear strength characteristics of the reconstructed soil (ASTM D3080 

2014). Figure  6-11 shows a schematic diagram of the direct shear test apparatus. The size of 

specimens used in the test is generally 25 cm2 across and 25 to 30 mm high. The shear box is 

split horizontally into halves and a normal force is applied from the top of the shear box. At the 

same time a shear force is applied by moving the top half of the box relative to other half in order 

to cause a shear failure in the soil specimen (Das 2008). The test can be either stress-controlled 

or strain-controlled. In the stress-controlled test, the shear force is applied in equal increments 

until the soil specimen fails. In the strain-controlled test, a constant rate of horizontal 

displacement is applied to the top half of the shear box. Either way, the shear failure occurs 

along the plane of the split of the shear box. In the current direct shear test, the strain-controlled 

method was used because in this method the peak shear resistance (at failure) as well as lesser 
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shear resistance (after failure, ultimate strength) can be observed and plotted (Das 2008). The 

normal and shear stresses were calculated using Equation  6-3 and Equation  6-4, respectively. 

 

Equation  6-3 

σ = normal stress =
normal force

area of cross section of the specimen 
 

 

Equation  6-4 

τ = shear stress =
resisting shear force

area of cross section of the specimen 
 

 

The direct shear test method is suited to relatively rapid determination of consolidated drained 

strength properties, because the drainage paths through the soil specimen are short, which allows 

the excess pore pressure to dissipate more quickly than in other drained stress tests. However, the 

specimen must be sheared at a relatively slow rate; hence, insignificant excess pore pressure 

exists at failure. An estimated time required for the dissipation of excess pore pressure and 

amount of deformation required to reach failure are compulsory to determine an appropriate rate 

of displacement (Equation  6-5) (ASTM D3080 2014).  

 

Equation  6-5 

Rd =
df
tf

 

 

Where,  Rd: displacement rate, in./min [mm/min] 

  df: estimated relative lateral displacement at failure, inch. 

  tf: total estimated elapsed time to failure, min. 

 

These two factors (df and tf) depend on the type of material and stress history. However, in the 

absence of soil-specific consolidation data, the time should be based on the soil type (Table  6-1). 

Also, in the absence of specific experience relative to the test condition, as a guide, an estimated 

lateral displacement at failure is considered to be 0.5 in. if the material is normally or lightly 

over-consolidated fine-grained soil. Otherwise, the estimated displacement at failure is 0.2 in. As 
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discussed previously, based on the unified soil classification system (UCSC), the given soil used 

in the current experiment falls into the SC category. The time required to failure was estimated to 

be approximately 200 min and the displacement rate was considered to be 0.002 in./min. Also, 

six different normal stresses of 0, 100, 150, 200, 250, and 500 kPa were used to carry out the test 

(Figure  6-12). The results are presented in Table  6-2 and Figure  6-13. Finally, the cohesion and 

friction angle of the reconstructed soil were calculated to be 81.83 kPa and 7 degrees, 

respectively, based on Figure  6-14.  

As shown in Figure  6-13, in low normal stress, the resisting shear stress increases with the shear 

displacement until a failure of shear stress is reached. After that point, with any increase of shear 

displacement, the shear resistance remains constant. However, in high normal stress, the resisting 

shear stress increases with shear displacement to a point of failure. This point of shear resistance 

is called Peak Shear Strength. After this point, shear resistance decreases as shear displacement 

increases, until it finally reaches a constant value which is called Ultimate Shear Strength.  

As pointed out earlier, the whole soil in the core barrel is assumed to be uniform with the same 

properties. Therefore, the thermal properties of soil were considered to be the same, as discussed 

in Chapter five. Soil thermal conductivity, volumetric thermal capacity, and thermal diffusivity 

of the given soil were determined to be 1.41W/mK, 0.83 𝑀𝐽/m3K , and 1.56 mm2/s, 

respectively. 

 

6-4. Implementation of the laboratory jet grouting 

It is important to test the performance of the jet grouting setup before carrying out any operation 

on the reconstructed soil. For that reason, the performances of water and grout pumps as well as 

jetting nozzles were tested. Because in triple fluid jet grouting, most of the soil excavation is 

done using a high velocity water jet, three nozzles with smaller orifice sizes of 1.09, 1.19, and 

1.5mm were tested on the water line. However, since the grout mixture included coarse ELP 

particles, a nozzle with a bigger orifice diameter of 2.5mm was used for the grout line. Based on 

the results shown in Table  6-3 and Table  6-4, it was determined that PW1/4M0003 and 2.5mm 

custom nozzles should be used in the water and grout lines, respectively. As discussed in Chapter 

four, the pressure loss was observed to be less than 10 psi using two pressure gauges installed on 

top of the supporting frame. The vertical and rotational motions were also calibrated to calculate 

actual speeds relative to variable speed drive (VSD) settings. The results are shown in Table  6-5 
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and Table  6-6. Based on the literature review in Chapter three and the jet grouting experience on 

the same soil type, Table  6-7 short-lists all the jet grouting operational parameters used in the 

laboratory experiment.  

After testing the performance of the jet grouting setup, the thermal-insulating grout was batched 

in the grout tank. As discussed in Chapter five, the thermal-insulating grout Mix No.3 was able 

to produce an optimum hand-mixed soilcrete from both the mechanical and thermal properties’ 

aspects. For that reason, Mix No.3 was chosen to be used in the laboratory jet grouting 

experiment. The mixing procedure was divided into two steps. First, an appropriate amount of 

pre-soaked ELP was mixed with a calculated amount of water in small buckets. The buckets 

were emptied into the grout tank while the grout mixer was running. Next, an appropriate 

amount of Portland cement was slowly added into the grout tank to prevent the sudden 

settlement of cement at the bottom of the tank. In addition to the grout mixer, another hand drill 

mixer was used in the upper elevation of the grout tank to prevent an accumulation of ELP on the 

mixture surface.  

Immediately after preparing the grout in the batching plant and mixing it for 30 minutes, the 

jetting monitor was lowered to the bottom of the tank and the jet grouting operation commenced 

in incremental steps followed by two minutes of rotation and one minute of a lifting and rotating 

process. As discussed in Chapter three, an optimal repetition frequency of five was reached with 

two minutes of rotating only at a speed of 2.5 rpm. All operational parameters were monitored 

and controlled during the jet grouting operation. Also during the operation, the outlet of the 

jetting tank was connected to the waste tanks with a four-inch PVC pipe to collect the spoil 

material return (Figure  6-15). After the jetting operation, the cap was removed and the top 

portion of the soilcrete was covered with plastic wrap to prevent it from dehydrating during the 

curing period (Figure  6-16).  

In order to test the physical, mechanical, and thermal properties of the soilcrete, it was decided to 

drill out core samples from the soilcrete body and extract specimens for the required tests. 

However, three weeks after the laboratory jetting, the soilcrete was too weak to have its diameter 

visually inspected or to have any core extracted. This condition was the result of having the 

soilcrete tank wrapped in plastic, which prevented the moisture from escaping and replaced the 

cementitious material (cement) with low density ELP. However, as was discussed in Chapter 

three, the UCS value stayed constant after 56 days of curing in all soil types (Figure  3-45 and 
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Figure  3-46). Consequently, the soilcrete was left at room temperature of 240C for 56 days to 

cure and gain strength. Then, the plastic wrap and any spoil material on top of the soilcrete were 

removed in order to perform an examination. Core samples were extracted from the center to the 

perimeter in all directions using the handheld coring machine with a three-inch diameter 

diamond drill bit to visually examine the actual soilcrete and its other engineering properties 

(Figure  6-17).  

 

6-5. Soilcrete and grout test results and discussion
1
  

As with the previous experiments, all laboratory tests were done under two different conditions 

of wet and dry. In the wet condition, core specimens were stored in the moisture constant room 

right after they were extruded from the core-drilling machine until the test day. However, in the 

dry condition, after being extruded from the core barrel, the specimens were cut and ground into 

the appropriate size for each test and then oven-dried for 24 hours at 110oC before the test day.  

 

6.5.1. Mechanical properties of thermal-insulating grout 

After mixing the water, ELP, and cement in the grout tank for 30 minutes, a fresh unit weight of 

1450 (kg/m3) grout was measured. That amount is in agreement with the fresh unit weight of 

grout in Mix No. 3 in the experiment discussed in Chapter five. From this batch, 12 cylinders of 

75 mm diameter and 150 mm height were filled with fresh thermal-insulating grout. They were 

demolded after 72 hours and left in the moisture-constant room for 56 days to cure. Table  6-8 

and Figure  6-18 show the mechanical properties of the hardened thermal-insulating grout. Its 

strength seems to be higher in the wet condition than in the dry condition. This is because of the 

grout’s high water content in the wet condition, which was replaced with a void in the dry 

condition. For the same reason, the grout’s unit weight in the wet condition was almost double its 

value in the dry condition.  

 

6.5.2. Mechanical properties of soilcrete 

The thermal-insulating grout Mix No.3 was used to create a soilcrete column using the 

laboratory jet grouting setup. The same mechanical and thermal property tests and a direct shear 

test were conducted on core specimens extracted from the soilcrete column to validate the results 

                                                 
1 All tests were done based on the ASTM methods discussed in the previous section and chapter.  
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obtained in a hand-mixed experiment. The soilcrete diameter was measured to be 0.5 meters. All 

together, 61 specimens were tested to calculate the UCS, splitting tensile strength (STS), thermal 

properties, and shear strength of soilcrete in both wet and dry conditions. As discussed in 

Chapter three, the soilcrete properties vary along the radius of the jet grouting column; however, 

the variations are negligible in small diameter columns such as the 1.0m column. Although core 

specimens were extracted from the center to the perimeter of the soilcrete in all directions, the 

average values were considered in the evaluation process since variances between the values 

were less than 1%.   

Table  6-9 illustrates the UCS (Figure  6-19), STS (Figure  6-20), and modulus of elasticity (E) of 

56-day-old hardened soilcrete in both wet and oven-dried conditions. Unlike the hardened grout 

samples, the UCS of hardened soilcrete in the dry condition is more than its value in the wet 

condition. This is because the soil-cement-ELP particles in the wet condition were surrounded by 

water, which prevents the particles from moving into a denser state and consequently causes 

failure; however, in the dry condition, those particles under compression pressure can slip over 

each other to reach a denser state, which results in more compression resistance before the failure 

occurs. Figure  6-21 shows the UCS of soilcrete and grout versus soil in wet and dry conditions. 

Similar to the hand-mixed soilcrete, the UCS of soilcrete in wet and dry conditions reached 

values that were 198% and 360% higher than those of the tested soil. In grout samples, there are 

no aggregates such as soil particles that cement can bond with to increase the strength of the 

specimen. For that reason, the UCS of grout samples is less than that of the soil specimen in both 

wet and dry conditions.  

To calculate the E of soilcrete samples, the longitudinal displacement of specimens during the 

compression test was measured and recorded. Then, an average slope of the stress-strain curves, 

which represents the E, was calculated (Table  6-9). An enormous increase of soilcrete E 

compared to its value in the tested soil is shown in Figure  6-22. This indicates that during the jet 

grouting the soil structure was modified, replaced, and mixed with cement, which consequently 

results in soilcrete’s elastic behavior.  

A direct shear test was also done on the hardened soilcrete specimens to understand the effect of 

the jet grouting operation on the soil’s shear strength characteristics. Normal stresses of 0, 100, 

200, 350, and 500 kPa and 0, 150, 350, and 500 kPa were used to carry out the tests on dry and 

wet soilcrete specimens (Figure  6-23). Table  6-10 and Figure  6-24 show the results for the dry 
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condition. Table  6-11 and Figure  6-26 show the results for the wet condition. Based on 

Figure  6-25 and Figure  6-27, the cohesion and friction angle of soilcrete in dry and wet 

conditions has been calculated to be 287.5  kPa and 26 degrees and 302.5 kPa and 35 degrees, 

respectively. Figure  6-28 shows a change in height of soilcrete specimens in the dry condition 

versus shear displacement during the test. Specimens under normal stress of 100 kPa behave like 

normally consolidated clay (NC), whereas the specimens under higher normal stresses behave 

like over-consolidated clay (OC)
1
. Figure  6-29 shows that soilcrete cohesion in wet and dry 

conditions increased 270% and 240% compared to the soilcrete’s original value in soil. Also, as 

shown in Figure  6-30, the friction angle of soilcrete in wet and dry conditions increased 400% 

and 272% compared to the soilcrete’s original value in soil. Unlike UCS values in soilcrete wet 

and dry conditions, shear strength characteristics of soilcrete in the wet condition were greater 

than those in the dry condition. This may have happened because of cohesion strength or the 

stickiness of bond water in the high water content of specimens in the wet condition and also the 

nature of the direct shear and STS test where tensile failure occurred.  

 

6.5.3. Thermal properties of soilcrete 

The same Thermal Constants Analyzer TPS 1500 and method were used to determine the 

thermal properties of soilcrete specimens. Table  6-12 presented all thermal properties of soilcrete 

specimens in both wet and dry conditions.  

Figure  6-31 shows that the thermal conductivity of soilcrete specimens with respect to thermal 

conductivity of soil was reduced by 56% and 89% in wet and dry conditions, respectively. As 

discussed earlier, the thermal conductivity is a measure of the material’s ability to conduct heat. 

After the field jet grouting operations, the soil’s ability to conduct heat through its structure will 

reduce by 89% in the dry condition. This is what happens when the borefield has already been 

injected with thermal energy. Thermal conductivity in the wet condition is higher than in the dry 

condition, which is caused by the higher thermal conductivity of water in the wet condition 

compared to its value of air in the dry condition.  

Figure  6-32 shows that the volumetric heat capacity of soilcrete specimens was increased by 

108% and 10% with respect to the original volumetric heat capacity of soil in wet and dry 

                                                 
1 The vertical displacement of specimens under other test conditions has not been recorded due to equipment 
failure during the test.  
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conditions, respectively. Volumetric heat capacity is the term used to define the amount of heat 

required to increase the temperature of a unit volume of soil by 1oC; more energy is required to 

increase the temperature of soilcrete than of in-situ soil. Since the volumetric heat capacity of 

water in the wet condition is more than air in the dry condition, the volumetric heat capacity of 

wet soilcrete specimens is higher than that for the dry specimens.  

Thermal diffusivity is defined as a material’s ability to adjust its temperature to the surrounding 

environment. For thermal-insulating purposes, material with low heat diffusivity is preferred. As 

shown in Figure  6-33, the thermal diffusivity of soilcrete specimens was reduced 74% and 86% 

with respect to in-situ soil in wet and dry condition, respectively. Theoretically, thermal 

diffusivity is calculated by dividing thermal conductivity by volumetric heat capacity. The 

thermal conductivity was reduced more in the dry soilcrete specimens than in the wet ones, 

suggesting that heat diffusivity is greater in wet than dry conditions 

 

6-6. Conclusions  

As discussed in Chapters three and five, to create hand-mixed soilcrete specimens, the 

volumetric percentage of grout retained by soil and the volumetric percentage of soil removed by 

jet grouting were considered to be 80% and 50%, respectively. Then, five hand-mixed soilcrete 

compositions of water, cement, soil, and ELP were calculated based on the triple jet grouting 

system. However, these values are based on the jet grouting literature and jet grouting experience 

on different soil types using the steady lifting method. In the laboratory jet grouting experiment, 

considering the practical pressures of water and grout jet, steady and incremental lifting methods 

were used together to increase the jetting specific energy per unit length of the borehole and to 

reach the most optimal soilcrete properties. It was discussed in Chapter three that the 

reconstructed soil was sandy clay. The clay soil is difficult to erode and is generally eroded in 

chunks. Hence, the two lifting methods were used to increase the cutting performance of the 

water jet and the percentage of the soil replacement with grout material. These two lifting 

methods also help to smooth the spoil material retune. However 30% to 40% more water was 

used during jet grouting than what was used for the hand-mixed experiment.  

Of all the thermal and mechanical parameters of soilcrete, UCS and thermal conductivity were 

chosen as the major improvement criteria for designing thermal-insulating soilcrete. Table  6-13 

presents variations between important soilcrete properties created by the laboratory jet grouting 
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setup and those properties measured in the hand-mixed experiment. Considering the results 

presented in Table  6-13, the following statements can be made: 

1) As anticipated, the higher water content affected the soilcrete UCS that was created by 

the jet grouting. The UCS of soilcrete created by jet grouting operation was reduced by 

39% and 14% in wet and dry conditions relative to its value in the hand-mixed 

experiment. In the dry condition, the particles moved to a denser state during 

compression and reached more compression resistance before failure; therefore there was 

less reduction in the UCS.  However, the jet grouting operation still improved in-situ soil 

strength by 198% and 360% in wet and dry condition, respectively.  

 

2) The thermal conductivity of soilcrete created by the jet grouting operation increased by 

19% in the wet condition relative to the wet thermal conductivity of soilcrete in the hand-

mixed soilcrete. This occurred because the jet grouting samples had a higher water 

content than the hand-mixed samples. However, the thermal conductivity of the dry 

soilcrete was reduced by 33% relative to its value in the hand-mixed soilcrete which was 

caused by the very low thermal conductivity of air replaced by the water content.  

 

3) The volumetric heat capacity of soilcrete increased (improved) by 44% over the value of 

the hand-mixed soilcrete. The volumetric heat capacity improved for the same reason that 

the thermal conductivity of soilcrete increased in the wet condition 

 

4) The thermal conductivity of soilcrete was greatly improved compared to its value in the 

insulating shotcrete developed by Liu (2013). Table  6-14 shows that even by replacing 

100% of the ELP with sand aggregate in the insulating shotcrete, the thermal conductivity 

of the created soilcrete was reduced 146.7% compared to the insulating shotcrete in the 

dry condition. 

 

The performance of the laboratory jet grouting setup was also verified with the values reported in 

Chapter three for soilcrete diameter and its strength properties. Theoretically, the soilcrete 

diameter created by the triple jet grouting system at different jobsites with clay soils has been 

reported to be 0.9 to 2m (Table  3-1, Table  3-7, Table  3-12, Table  3-14, Figure  3-58, Figure  3-59, 
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Figure  3-60, and etc.). That range of reported diameter was created by a typical triple fluid jet 

grouting system with an average specific jetting energy of 35 MJ/m. However, in the current 

laboratory jet grouting, the specific jetting energy is calculated to be 16 MJ/m. The expected 

soilcrete diameter based on Figure  3-31, Figure  3-36, Figure  3-50, Figure  3-51, and 

Equation  3-10 is estimated to be in the range of 0.38 to 0.5m. As reported previously, the 

diameter of the soilcrete was observed to be 50 cm after implementing the laboratory jet grouting 

operation, which is in perfect agreement with the reported values in the literature. As discussed 

in Chapter five, the UCS of soilcrete created by different jet grouting systems at different jobsites 

on clay soil ranges from 1 to 2.4 MPa. Also B Nikbakhtan & Osanloo (2009) and B. Nikbakhtan 

& Ahangari (2010) reported case histories of triple fluid jet grouting operations on the clay soil. 

Based on the results in Figure  3-66 and Figure  3-69, the UCS of soilcrete created by the 

laboratory jet grouting setup is estimated to be 1.25 to 1.7 MPa. Hence, the performance of the 

laboratory jet grouting setup was verified with calculated values of soilcrete UCS. Those values 

were 1.1 and 1.7 MPa in wet and dry conditions, respectively.  

Table  6-15 concluded improvement percentages of soilcrete properties created by both the jet 

grouting operation and the hand-mixed experiment in wet and dry conditions. It is recommended 

to consider dry condition values in underground thermal energy storage projects where this 

condition represents a situation where thermal energy has already been injected into the borefield 

area.  

To address the complexity of the jet grouting process and the design procedure of soilcrete 

properties, Equation  6-6 and Equation  6-7 are proposed to estimate actual soilcrete properties in 

the field based on the hand-mixed soilcrete experiments in the laboratory.  

 

Equation  6-6 

ℵS.v.A = ℵS.v.H × β 

 

Equation  6-7 

ϑactual soilcrete = ϑin−situ soil + [(ϑhand−mixed soilcrete − ϑin−situ soil) × β] 

 

Where,  ℵS.v.H: improvement percentage of soil particular property relative to the same 

property of hand-mixed soilcrete 
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 ℵS.v.A: improvement percentage of soil particular property relative to the same 

property of actual soilcrete 

ϑ: particular property of soil or soilcrete in both wet and dry condition (UCS, 

thermal conductivity, volumetric heat capacity, and thermal diffusivity)  

  β: field factor of safety  for each particular property presented in Table  6-16. 
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Table  6-1 Minimum time required for failure in direct shear test (ASTM D3080 2014) 

UCSC Classification  Minimum Time to failure, tf 
SW, SP (<5% fines) 10 min 

SW,-SM, SP-SM, SM (>5% fines) 60 min 

SC, ML, CL, SP-SC 200 min 

Mh, CH 24 hours 

 

Table  6-2 Direct shear test results on reconstructed soil specimens  

Normal stress, kPa Shear stress, kPa 

0 75.46 

100 96.39 

150 100.99 

200 104.01 

250 123.48 

500 138.08 

 

Table  6-3 Water pump performance test 

Nozzle Orifice Size Pressure (psi) Flow (GPM) 

1.5mm Custom 1.5mm 850 3 

PW1/4M0004 0.047" (1.19mm) 2200 2.9 

PW1/4M0003 0.043" (1.09mm) 2500 2.25 

 

Table  6-4 Grout pump performance test 

Nozzle Orifice Size Pressure (psi) Flow (GPM) 

2.5mm Custom 2.5mm 170 3.1 

 

Table  6-5 Vertical motion calibration  

Speed Setting speed (cm/min) 

19% 3.00 

20% 5.00 

22% 16.41 

24% 29.17 

26% 45.65 

30% 59.66 

 

Table  6-6 Rotational motion calibration  

Speed Setting Speed (rpm) 

18% 2.22 

20% 3.75 

30% 10.00 

 

Table  6-7 Jet grouting operational parameters  

Parameter 
Water 

pressure (psi) 

Water flow 

rate (GPM) 

Grout 

pressure (psi) 

Grout flow 

rate (GPM) 

Lifting speed 

(cm/min) 

Rotating speed 

(rpm) 

Value 2500 2.25 170 3.1 3 2.5 
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Table  6-8 56 day old thermal-insulating grout samples 

Condition Wet Dry 

Unit weight, kg/m3 758.32 373.25 

UCS, kPa 127 77 

E, MPa 5.32 4.6 

STS, kPa 22 7 

 

Table  6-9 UCS, E, and STS of 56 day hardened soilcrete 

Condition  Wet Dry 

UCS, MPa 1.10 1.70 

E, MPa 87.50 130.00 

STS, kPa 270.00 73.00 

 

Table  6-10 Direct shear test results on dry soilcrete specimens  

Normal stress, kPa Shear stress, kPa 

0 294.70 

100 324.25 

200 336.36 

350 481.24 

500 515.18 

 

Table  6-11 Direct shear test results on wet soilcrete specimens 

Normal stress, kPa Shear stress, kPa 

0 315.80 

150 417.81 

350 478.79 

500 697.40 

 

Table  6-12 Thermal properties of soilcrete specimens in both dry and wet condition 

Condition 
Thermal conductivity  

w/mK 

Thermal diffusivity 

mm2/s 
Volumetric heat capacity 

MJ/m3. K 

dry soilcrete 0.154 0.224 0.91 

wet soilcrete 0.621 0.402 1.73 

 

Table  6-13 Variation of important soilcrete properties created by jet grouting relative to hand-mixed experiment  

Condition Parameter 
Jet grouting 

(1) 

Hand-mixed experiment 

(2) 
In-situ soil 

Variation 1 & 2 

% 

Wet 

UCS, MPa 1.100 1.814 0.370 39 

Thermal conductivity,  

w/mK 
0.621 0.520 1.410 -19 

Volumetric heat capacity,  

MJ/m3. K 
1.730 1.196 0.830 -44 

Dry 

UCS, MPa 1.700 1.978 0.370 14 

Thermal conductivity,  

w/mK 
0.154 0.230 1.410 33 

Volumetric heat capacity,  

MJ/m3. K 
0.910 0.924 0.830 1.5 
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Table  6-14 Thermal conductivity of insulating shotcrete developed by (W. V. Liu 2013) 

Parameter 
Replacement ratio of ELP material with 

sand aggregate, % 
Wet  Dry  

Thermal conductivity w/mK 

100 0.6852 0.3799 

75 1.1565 0.7351 

50 1.7532 1.1830 

Soilcrete created by laboratory jet grouting setup  0.621 0.154 

Improvement percentage relative to soilcrete created 

by laboratory jet grouting 

100 10.33 146.7 

75 86.2 377.3 

50 182.3 668.2 

 

Table  6-15 Improvement percentage of soilcrete properties versus in-situ soil
1
 

Condition Parameter 

In-situ soil 

Versus 

Actual S.C.
2
 

In-situ soil 

Versus 

Hand-mixed S.C. 

Wet 

UCS, MPa +197 +390 

Thermal conductivity,  

w/mK 
-56 -63 

Thermal diffusivity,  

mm2/s 
-74 -73 

Volumetric heat capacity,  

MJ/m3. K 
+108 +44 

Dry 

UCS, MPa +359 +435 

Thermal conductivity,  

w/mK 
-89 -84 

Thermal diffusivity,  

mm2/s 
-86 -84 

Volumetric heat capacity,  

MJ/m3. K 
+10 +11 

 

Table  6-16 Recommended safety factor to calculate actual soilcrete properties based on hand-mixed specimens  

Condition Parameter Recommended correction factor  

Wet 

UCS, MPa 0.50 

Thermal conductivity,  

w/mK 
0.90 

Thermal diffusivity,  

mm2/s 
1.00 

Volumetric heat capacity,  

MJ/m3. K 
2.50 

Dry 

UCS, MPa 0.83 

Thermal conductivity,  

w/mK 
1.05 

Thermal diffusivity,  

mm2/s 
1.00 

Volumetric heat capacity,  

MJ/m3. K 
0.85 

                                                 
1
 Positive and negative signs mean increase and decrease, respectively. 

2 Soilcrete  
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Figure  6-1 In-situ cores used to create reconstructed soil in laboratory  

 

 
Figure  6-2 Excluding coal layers during crushing in-situ core samples 
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Figure  6-3 Crushed in-situ soil  

 

 
Figure  6-4 Conditioning oven dried and crushed soil with its in-situ moisture content 

 

 
Figure  6-5 Jet grouting tank wrapped with thick plastic 
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Figure  6-6 Compacting soil in different layers in jet grouting tank 

 

 
Figure  6-7 Extracting soil samples from reconstructed and compacted soil 

 

   
Figure  6-8 Reconstructed soil with a center jetting hole in jet grouting tank 
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Figure  6-9 Uniaxial compression strength on reconstructed soil specimens 

 

 
Figure  6-10 Mohr’s failure envelope and Mohr-Coulomb failure envelope (Das 2008) 

 

C 
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Figure  6-11 Schematic drawing of direct shear apparatus (Olson 2004) 

 

    
Figure  6-12 Direct shear test on reconstructed soil specimens  
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Figure  6-13 Shear stress versus shear strain in direct shear test on reconstructed soil specimens  

 

 
Figure  6-14 shear stress vs normal stress in direct shear test on reconstructed soil specimens 
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Figure  6-15 Laboratory jet grouting operation  

 

     
Figure  6-16 Soilcrete mixture in laboratory jet grouting tank 
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Figure  6-17 Cores extracted from soilcrete body in jet grouting tank 

 

 
Figure  6-18 UCS of 56 day hardened thermal-insulating grout 
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Figure  6-19 Unconfined compressive strength test on soilcrete cores 

 

     
Figure  6-20 STS test on soilcrete cores  

 

 
Figure  6-21 UCS of soilcrete and grout versus soil 
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Figure  6-22 Modulus of elasticity of soilcrete and grout versus soil 

 

         
Figure  6-23 Direct shear test on soilcrete cores  
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Figure  6-24 Shear stress versus shear strain in direct shear test on soilcrete specimens in dry condition 

 

 
Figure  6-25 shear stress vs normal stress in direct shear test on soilcrete specimens in dry condition 
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Figure  6-26 Shear stress versus shear strain in direct shear test on soilcrete specimens in wet condition 

 

 

 
Figure  6-27 shear stress vs normal stress in direct shear test on soilcrete specimens in wet condition 
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Figure  6-28 Shear displacement versus change in height of the soilcrete specimen in dry condition 

 

 
Figure  6-29 Cohesion of soil versus soilcrete in wet and dry condition  
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Figure  6-30 Friction angle of soil versus soilcrete in wet and dry condition 

 

 
Figure  6-31 Thermal conductivity of soil versus soilcrete in wet and dry condition 
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Figure  6-32 Volumetric heat capacity of soil versus soilcrete in wet and dry condition 

 

 
Figure  6-33 Thermal diffusivity of soil versus soilcrete in wet and dry condition 
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Chapter 7 CONCLUSION 

 

 

 

 

 

 

 

This chapter contains the summary of the research and its contributions, as well as concluding 

statements and recommendations for future research in both jet grouting technique and its 

thermal-insulating concept.  
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7-1. Research summary 

One of the obstacles preventing the wide usage of underground thermal energy storage (UTES) 

technology is that many soils exhibit high thermal conductivity. Generally, having soil with high 

thermal conductivity is an advantage to charge the borefield enclosure in borehole thermal 

energy storage (BTES) at early stages of a project. However, high thermal conductive soil will 

accelerate the amount of heat that escapes from the borefield enclosure. Consequently, most of 

the heat injected into the borefield will escape from the borefield enclosure. To increase the 

performance of the UTES, the amount of heat that flows into the surrounding media must be 

reduced. The current research was designed to create thermal-insulating barriers for underground 

energy enclosures in UTES projects. The barriers will keep the heat inside the enclosure and 

increase the UTES performance. A main goal of the research was to use the jet grouting 

technique to develop thermal-insulating soilcrete that would have lower thermal conductivity and 

greater strength than in-situ soil.  

Chapter two and three looked at the basics of the UTES and the jet grouting technique, 

respectively. It is necessary to conduct a field trial operation to investigate the performance of jet 

grouting. However, trial field jet grouting operations can be time-consuming and expensive, and 

don’t always lead to desired results. Therefore, in Chapter four, a proposal was made to design 

and manufacture a laboratory jet grouting setup with almost the same performance ability as the 

field equipment but with reduced footprint and cost.  

Chapter five details the steps taken to hand-mixed the thermal-insulating soilcrete. Five thermal-

insulating grouts were mixed with different proportions of water, cement and expanded light 

perlite (ELP). Thermal-insulating grouts were mixed and cast with appropriate proportions of the 

soil, based on the theoretical definition of the jet grouting technique. Extensive laboratory tests 

were conducted on the physical, mechanical, and thermal properties of the hand-mixed soilcrete 

to select an optimal thermal-insulating grout. The laboratory results were verified using literature 

values and findings.  

Chapter six describes the jet grouting test that was implemented on reconstructed in-situ soil in 

the jet grouting tank to validate the results of hand-mixed soilcrete in Chapter five. The 

performance of the laboratory jet grouting setup were verified using well-documented literature 

about jet grouting projects in Chapter three. 
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7-2. Conclusions 

Although detailed conclusions were discussed in each chapter, more general conclusions are 

summarized here:  

 

1) An optimal thermal-insulating grout was developed with different proportions of ELP, 

water and cement. Thermal-insulating soilcrete was created by injecting thermal-

insulating grout into the reconstructed soil using laboratory jet grouting setup. The 

mechanical and thermal properties of the soilcrete were improved significantly with 

respect to in-situ soil.  

 

2) The values of the fresh grout density as well as the unconfined compression strength 

(UCS) and thermal conductivity of hand-mixed and actual soilcrete specimens were in 

agreement with the values reported in the literature.   

 

3) The thermal conductivity of actual soilcrete with respect to its value in soil was improved 

56% and 89% in wet and dry conditions, respectively. 

 

4) Field jet grouting operations are implemented around the perimeter of the borefield and 

heat is injected into the borefield enclosure. This led to a dry condition for the laboratory 

experiments. The effect on the soil was that its ability to conduct heat through its 

structure is reduced by 89% and consequently the performance of the UTES will be 

improved. Also, the improvement ratios of volumetric heat capacity and heat diffusivity 

indicated that increasing the temperature of soilcrete required more energy than 

increasing the temperature of in-situ soil. 

 

5) The UCS of the actual soilcrete in wet and dry conditions was 198% and 360% more than 

its value in soil. The modulus of elasticity (E) of actual soilcrete compared to its value in 

soil indicated a structural change from the soil state into more elastic behavior in 

soilcrete. Also, the cohesion and friction angle of soilcrete in dry conditions increased 

240% and 272% compared to its original value in soil.  
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6) The thermal and strength properties of hand-mixed soilcrete specimens were validated 

with actual soilcrete properties with a maximum variance of 14% in dry conditions.  

 

7) The performance of laboratory jet grouting setup was verified using literature values 

about soilcrete diameter. Also, the strength of the actual soilcrete was in agreement with 

the value reported in the literature. 

 

8) A theoretical equation was proposed to calculate the actual soilcrete properties based on 

the experiment using hand-mixed soilcrete. However, the equation must be validated if 

any other jet grouting system or grout mixture is to be used in the future. Also, it is 

strongly recommended to carry out an actual jet grouting operation either in the 

laboratory with real soil properties and ground conditions, or a trial jet grouting where the 

trial is applicable. 

 

7-3. Contributions  

There are four main outcomes of the current research that will have an enormous impact on jet 

grouting and the UTES industry: the complete design approach of the jet grouting procedure to 

calculate engineering properties of soilcrete; laboratory setup of the jet grouting equipment; 

development of the thermal-insulating grout mixture; and development of thermal-insulating 

soilcrete elements. The following two sections describe the most important contributions of the 

research: 

 

1) In municipal areas where there is neither space to carry out trial jet grouting, nor a budget 

for a feasibility study, a laboratory setup with jet grouting equipment can be used as an 

in-situ trial operation. Such a setup would make it possible to answer a variety of 

questions about the effectiveness of the system in achieving particular criteria and soil 

treatment effectiveness in terms of physical, mechanical, and/or thermal properties of 

soilcrete. It would also provide information about operational parameters to achieve 

specific column diameter, effectiveness of spoil material return, and costing. 
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2) The UTES system is an integral component required to increase the use of renewable 

fuels and energy for decentralized utilities. Many communities in Canada will be 

producing their own energy by harvesting solar, wind or other renewable energies and 

storing the excess underground for later use. Improving the efficiency of the UTES 

systems will also improve the reliability of renewable energy sources. Creating thermal-

insulating soilcrete elements by implementing field jet grouting around the perimeter of a 

borefield using an optimal thermal-insulating grout mixture will increase efficiency of 

UTES systems. The heat that flows into the surrounding ground will be reduced and the 

system’s charging time with a particular energy source will be accelerated. This 

technology will reduce Canada’s reliance on fossil fuels and its carbon footprint.  

 

7-4. Availability of similar equipment around the world 

Based on the literature review, there are only two laboratory jet grouting setups in the world 

which simulate the single fluid jet grouting system. They were designed and manufactured by the 

Massachusetts Institute of Technology in 2005 and the University of Cambridge in 2008. Many 

simplifications in comparison with actual field single fluid system were considered in those set 

ups. In Cambridge, for instance, a two-dimensional setup was used to inject only water in one 

direction without rotating. At MIT, the operational parameters were less than the field values and 

only rotational or vertical displacement was possible at the same time.  

 

7-5. Recommendations for future research  

Alberta has an incredibly rich oil reserve of 171.3 billion barrels which is valued by the 

Province, Canada and the world (“Oil Sands Economic Benefits” 2011). There is enough oil in 

Alberta’s oil sands to meet Canada’s current oil demand for almost 400 years. These oil reserves 

play an important role in the Canadian and global economy by supplying stable and reliable 

energy to the world. It is estimated that every dollar invested in Alberta’s oil sands creates about 

$9 of economic activity (“Alberta’s Oil Sands: The Facts” 2011). The Canadian Energy Research 

Institute estimates that oil sands will create more than $307 billion in tax revenue across Canada 

over the next 25 years (“Oil Sands Economic Benefits” 2011). Currently, oil sands are extracted 

by surface and in-situ mining methods (Gosselin et al. 2010). Surface mining techniques require 

mine wastes to be stored. Currently, storage is implemented by pumping tailings mixed with 
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water into large settling basins called tailings ponds (“Alberta’s Oil Sands: The Facts” 2011). On 

many occasions, the failure of tailing ponds or dykes has had a tremendous impact on the 

environment and human lives. Sometimes the failure of tailing pond or dykes is caused by a 

failure of the foundations on which these structures are built. An example of a base-metal tailings 

dam failure due to weak foundations occurred at Los Frailes, Spain, in 1998. The failure allowed 

acidic tailings water and sulphide-rich tailings solids to flow rapidly through the breach and 

downstream towards a national park and the ocean (Figure  7-1) (Mech 2011). The failure was 

caused by the foundation movement and was not related to earthquakes, blasting, acid drainage, 

etc. (Mech 2011).  

In-situ mining is used where oil sands deposits are more than 150 meters deep (Gosselin et al. 

2010). Compared to surface mining, this method recovers less bitumen, requires more energy to 

create steam, and contributes greatly to greenhouse gas emissions (GHG) (Gosselin et al. 2010). 

Underground mining is another method for extracting oil sands. It has more advantages than 

other methods. It requires less energy than in-situ methods and does not disturb the land as much 

as surface mining does. As most oil sands reserves are located at depths greater than 150 meters, 

underground mining will become a preferred method in the near future to recover oil sands 

(“Alberta’s Oil Sands: opportunity. balance,” 2008). However, oil sands should be recovered in 

such a manner that the disturbed land can be reclaimed and risks to people and the environment 

are minimized. To excavate oil sands using underground mining methods, soil layers located at 

the planned roofs of underground excavations must be solidified. To use surface mining 

methods, dykes enveloping tailing ponds should be stabilized and must prevent tailings from 

leaking into the environment.  

Jet grouting has great potential to be used in Alberta in various mining and civil engineering 

applications. It can be used in various soil types, from the finest to the coarsest grained soils as 

well as oil sands; it can be used to strengthen the foundations underneath the tailings dykes; 

and/or it can be used to strengthen the unstable weak roofs in oil sands underground mining. 

However, although jet grouting has been used in civil engineering projects where the ground 

properties are fairly well understood, oil sands materials have different mechanical and physical 

properties than well-known materials such as clays, sands, and silts. Also, the types of grout used 

in civil engineering projects are designed for most common soils. Before applying jet grouting in 

the oil sands industry, it is necessary to develop methods to reduce the cost and understand the 
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parameters of jet grouting operations. Investigating the following parameters on different 

properties of soilcrete will contribute to a fundamental understanding of jet grouting, which can 

be applied in the oil sands mining industries: the effect of air pressure around grout nozzles; 

effect of air pressure around water; effect of rotational and withdrawal rates; and effect of jet 

grouting on different soil types. Designing the most suitable grouts for different types of oil 

sands materials can be another objective of future research. Designing the most suitable jet 

grouting nozzle for breaking oil sands structures to inject the bonding medium can be also an 

objective of future research. With the current setup, a laboratory experiment can be carried out to 

investigate the effect of various jetting parameters and grout types on different soils and oil 

sands, and consequently determine the engineering properties of the soilcrete. This will make it 

possible to compute the volume of grout needed to build up the soilcrete columns by determining 

the diameter, which will increase the understanding of the parameters in jet grouting operations, 

increase oil sands operations safety and decrease the overall costs of civil and oil sands projects.  

Implementing jet grouting around tailing dams will also help to protect the Canadian 

environment from tailing pond failures.  

Regarding the thermal-insulating soilcrete, a 3D finite element model is being developed by the 

author’s colleague at the Department of Civil and Environmental Engineering (University of 

Alberta) under the supervision of Dr. D. Apel to study the improvement performance of the 

BTES using the developed thermal-insulating soilcrete in the current study.  
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Figure  7-1 Los Frailes tailing dam failure (Mech 2011) 
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