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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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In General:

Ju
Su
Vi
D
E
Esc
Esl
N or Nspt
Np
p

P

Rs

w/c

At
Az

LIST OF NOMENCLATURE

CHAPTER THREE

unconfined compression strength
undrained shear strength,

withdrawal rate

soilcrete column diameter

modulus Elasticity

specific energy per cubic meter of column
specific energy per lineal meter of column
standard penetration test blow count value
number of nozzles

mean ejection pressure

mean power delivered by fluid exiting the nozzle
rate of fluid ejection

rotational speed

cross sectional area of the column

specific injection time

water to cement ratio

duration of jetting

lifting step

In Equation 3-1 to Equation 3-4:

Esa
Esg
Eqt
Eqw
Vi
Pa
Pg
Pw
Qa
Qg
Qw

specific energy of the compressed air
specific energy of the grout

specific energy of jet grouting system
specific energy of water

withdrawal rate

compressed air pressure

grout pressure

water pressure

compressed air flow rate

grout flow rate

water flow rate
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In Equation 3-5:

E, specific energy of jet grouting system
p grout pressure

grout flow rate
v monitor lifting rate

In Equation 3-6 to Equation 3-9:

A, cross-sectional area of the nozzle
E, jetting energy at the nozzle

' grout velocity at the nozzles

Pg grout density

d diameter of nozzles

L unit length of the column

m grout mass delivered in the time At corresponding to treatment length L
M number of nozzles

n number of nozzles

Q grout flow rate

v monitor lifting rate

At time corresponding to treatment length L
In Equation 3-10:
E jetting energy per unit of column diameter

D soilcrete diameter

In Equation 3-11:

Ej jet grouting specific energy
P, &P, water and grout pressures
Quw & Q, water and grout flow rates
V. withdrawal rate

In Equation 3-12:

L distance from nozzle to the measurement point
P dynamic pressure of water jet

Q discharge flow rate of water jet

T jetting time
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In Equation 3-13 and Equation 3-14:

D soilcrete column
E the volume of cut per minute
L lift speed

In Equation 3-15:

Porout discharge pressure
Vi tangential velocity at a nozzle outlet
FR flow rate

constant related with jetting liquid
represent the number of passes

R column radius

In Equation 3-16:

Vi injected grout volume per unit length

D soilcrete diameter

n initial soil porosity

a coefficients of percentage of grout retained by the subsoil

percentage of soil removed by jet action

In Equation 3-17 to Equation 3-19:

do nozzle diameter
Lm the radius of influence
R the external radius of the monitor

the rotational speed

Vo initial jet velocity
Vi the nozzle movement velocity
Pr density of injected fluid

a coefficient of the ground from field date
the number of repetition

the jetting pressure

the jetting flow rate

empirical coefficients from field data
empirical coefficients from field data

empirical coefficients from field data

» = e 0V ZRA

empirical coefficients from field data
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In Equation 3-20 to Equation 3-22:

dp diameter of jetting monitor

d, nozzle diameter

l; maximum jet cutting distance from nozzle
N, bearing capacity term corresponding to failure condition at jet tip
P, pressure at nozzle inlet

A ambient pressure at nozzle outlet

dbu ultimate soil bearing resistance

Su undrained shear strength

U, velocity of ambient medium

Vo exit velocity of central jet

D diameter of jetting column

In Equation 3-23 and Equation 3-24:

¢’ and o’ effective cohesion and friction angle of the soil, respectively
Cy undrained soil cohesion

Dgrout nozzles diameter

Vo initial speed of the jet threads (immediately after thenozzle)
Vy mean velocity of the jet at distance x

Vymax represent the respective maximum velocity

Y unit weight of the injected fluid

o, initial vertical overburden stress

Qg and Q. a parameter accounting for energy dissipation of the injected fluid on granular and cohesive soils
g gravitational acceleration

N turbulent kinematic viscosity ration of injected uid and water
A a coefficient related with the nozzle shape

In Equation 3-25 to Equation 3-28:

Dy, hydraulic diameter of the backflow cross-section

P, pressure loss due to friction in borehole

P, pressure loss due to friction in borehole

R, column size determined from zero effective stress

R, the column size determined from pressure losses in backflow
R, the column size determined from pressure losses in backflow
Vo initial jet velocity at nozzle exit

VL critical jet velocity
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backflow velocity of the spoil material

length of the initial region

density of injected fluid

horizontal effective stress

pressure loss per unit length of flow due to friction in ground
pressure loss per unit length of flow due to friction in ground
pressure drop due to friction

length of the backflow

In Equation 3-29 to Equation 3-31:

A and B

o

< o ® U

In Equation 3-32:
do
Dgrout

Pa
b

FR
M

R
UCS

empirical coefficients dependent on the properties of the soil
cohesion of the soil

Soilcrete diameter

the injection pressure

the flow rate

the rate of ascent of the monitor

rod diameter

nozzle diameter

atmospheric pressure

a parameter related to the soil characteristics
flow rate of the fluid injected

number of nozzle of the rod

radius of the soilcrete column

UCS of soilcrete

In Equation 3-33 to Equation 3-35:

[}

soil conductivity

diameter corresponding to 10% finer in particle-size distribution curve
diameter corresponding to 60% finer in particle-size distribution curve
diameter corresponding to 90% finer in particle-size distribution curve
soil groutability ratio

lifting speed

air pressure

grout pressure

water pressure
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R, rotating speed

Yeg grout density

c cohesion

D diameter of the soilcrete
k soil permeability

In Equation 3-36 and Equation 3-37:

c cohesion

oc Unconfined Compressive Strength
ot Brazilian indirect tensile strength
@ friction angle

In Equation 3-38:

Aw Cement content percent by mass

qu(to) Unconfined compressive strength at t, days

qu(® Unconfined compressive strength at t days

K 480 Ay for granular soils and 70 Ayy for fine grain soil
t Curing time

In Equation 3-39:
To 28-day shear strength obtained by direct shear test with zero normal stress

uCs 28-day unconfined compressive strength

In Equation 3-40 and Equation 3-41:

ucs, experimental constant
Ya dry unit weight

m and n experimental constants.
S/C soil/cement ratio

Ww/C water/cement ratio

In Equation 3-42:

A a coefficient related to the type of clay, liquidity index and age of the mixture
B an empirical constant which is independent of the type of clay
We/C the soil-water/cement ratio

In Equation 3-43:

m, weight of cement in dry state
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my,

Rm

In Equation 3-44:
UCS14

UCS,

aandb

In Equation 3-45:

UCSwe,,

UCS@?hzs

w,
C
LI
t

In Equation 3-46:

In Equation 3-47:
fem

form (D)

a

S

t

In Equation 3-48:
Ecm

Eem (D)

aand b

S

t

weight of water in soilcrete including water in the original soil and grout

water/cement ratio

UCS at 14-days curing time with initial water content as much as soil liquid limit
UCS at age t (days)

a coefficient for inland clays

UCS at (%)1 for the curing period of t days

UCS at (%)2 for the reference curing period of 28 days

water content
cement content
liquidity index

curing period in days

degree of mixing uniformity
number of collected samples

number of samples with an pH value higher than critical value

28 days strength of the mixture
strength at age t

a coefficient for concrete and soilcrete
a coefficient related with cement type

age of the mixture

28 days stiffness of the mixture

stiffness at age t

coefficients to be adjusted using jet grouting data
a coefficient related with cement type

age of the mixture
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In Equation 3-49:

Eco was determined for each formulation based on 28 days stiffness
E. (D) stiffness at age t

fem 28 days stiffness of the mixture

femo 10 MPa

g a coefficient depends on type of aggregate

a,bandc coefficients to be adjusted

s a coefficient related with cement type

t age of the mixture

In Equation 3-50 to Equation 3-52:

unit weight of soilcrete

total mass of cement in the soilcrete
long term strength

mass of soil solids

£ v ®m o g

total mass of water in the soilcrete

In Equation 3-53 to Equation 3-55:

Gc absolute specific gravity of cement

Gg absolute specific gravity of soil particles

Yb 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:

Pe density of cement
Pg density of grout
pPw density of cement
w water/cement ratio

In Equation 3-57 to Equation 3-61:

Qg flow rate of grout delivery

Va volume of soilcrete column

Vg volume of grout for forming the column
Vs volume of soil
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volume of soil subject to removal during formation of the column

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

density of cement

weight content of cement (C) in a unit volume of soilcrete column

drill hole diameter
soilcrete diameter
length of the column which the grout is delivered

undisturbed porosity

speed of longitudinal (withdrawal speed or lifting rate)

water/cement ratio of the grout

In Equation 3-62 to Equation 3-66:

&
™

Ge
Gs
erected

Qinjeted grout

Qu
c
cement
c
soil
(¢

Wi

c
watet

C

Yt
yitn—situ
ve
Yw
AZ

D

In Equation 3-67:

n
v
Vi

cement/water ratio of the ejected cutting

water/cement ratio of injected grout

3.0 specific gravity of cement injected
specific gravity of the soil

flow rate of ejected cuttings

flow rate of injected grout

compressive strength of hardened soilcrete
weight of cement in column

weight of soil in column

total weight of column

weight of water in column

total unit weight of soilcrete column

total unit weight of soilcrete column
density of the out flow

unit weight of water

height of soilcrete column

soilcrete column diameter

lifting rate of monitor through height of AZ

in-situ water content

original soil porosity
soilcrete column volume per unit length

volume of injected grout per length of treatment.
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volumetric percentage of grout retained by the subsoil
volumetric percentage of soil removed by the jet action

percentage of pores filled with grout

CHAPTER FOUR

In Equation 4-1 and Equation 4-2:

In Equation 4-3:
o]
n
P

operation pressure
power output from the plunger pump

flow rate

power input to the pump
efficiency of the pump

power output from the pump

In Equation 4-4 to Equation 4-8:

Dy
Ly
Pw
Ap
f
Q
Re

\'%4

1

pipe diameter

pipe length

density of water
pressure loss in the pipe
friction factor

flow rate

Reynolds number

flow velocity in the pipe

dynamic viscosity of water

In Equation 4-9 to Equation 4-14:

Cd

B

P,
Pstatic
Vo
pslurry
Pw

g
h

an efficiency parameter
available pressure at the nozzles
total pressure at nozzle outlet
hydrostatic pressure in borehole
jet velocity

slurry density in borehole

mass density of water
acceleration due to gravity
depth of the nozzle

operating pressure (P, — P,)
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B multiplying factor

In Equation 4-15:

Fr reaction force

I jet impulse flow

Vj jet velocity

Pw density of the water
m water mass flow rate
P operating pressure

Q flow rate

CHAPTER FIVE
In Equation 5-1:
M, mass of container
Mcqs mass of container and oven dry specimen
Mems mass of container and moist specimen
M mass of oven dry specimen
M., mass of water
w water content
In Equation 5-2 and Equation 5-3:
C. coefficient of Gradation
Cy uniformity Coefficient
Dio effective Size
D3y diameter corresponding to 30% finer in particle-size distribution curve
Dgo diameter corresponding to 60% finer in particle-size distribution curve
In Equation 5-4:
M; mass of pycnometer and water
M, mass of pycnometer and water and soil solids
8 mass of oven dried soil solids
Ps density of soil solids
Pw density of water

In Equation 5-5 to Equation 5-7:
Gy specific gravity of soil solids

Vim) volume of mold
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Wsat

Ya
Yw

water content for complete saturation
dry unit weight of soil
unit weight of water at 20°c

weight of the compacted soil in the mold

In Equation 5-8 to Equation 5-10:

Ay
Qu
Su
03
03
A

€

initial cross-sectional area of specimen
unconfined compression strength
undrained shear strength

major principle stress is

confining pressure

corrected cross-sectional area of specimen

axial strain for a given axial force

In Equation 5-11 to Equation 5-25:

Cs, Cy» Cy
Cy and Cg
T
Tz
Xg, Xy Xa
Yd

Yw
AT

A
C

[a—

g & =2 B

Q

In Equation 5-26:

ttOt

heat capacities per unit volume of soil solids, water, and air, respectively
volumetric heat capacity of unfrozen and frozen

temperature of end face

initial temperature

solid, water, and air compositions in unit volume of soil, respectively
dry unit weight of the soil

unit weight of water

change in temperature

cross-sectional of soil

heat capacity per unit volume

specific heat capacity

heat conductivity

length of soil element

mass of substance acting as environment

heat flow

quantity of heat

water content

heat diffusivity

density

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

a thermal diffusivity of the specimen material

In Equation 5-27 and Equation 5-28:

M. mass of the measure filled with freshly mixed grout or soilcrete
M, mass of the measure

Vin volume of measure

Pe density of cement grains

Pg density of grout

Pw density of water

w water cement ratio

p fresh unit weight of grout

In Equation 5-29 and Equation 5-30:

Vi volume of sample at beginning of test
v, 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

g, 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
p density of water

In Equation 5-38:
d diameter of specimen
1 length of specimen

maximum applied load

T splitting tensile strength

CHAPTER SIX
d¢ estimate relative lateral displacement at failure
Rq displacement rate
te total estimated elapsed time to failure
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Tf shear stress on the failure plane

Nsva improvement percentage of soil particular property relative to the same property of actual soilcrete

NsvH improvement percentage of soil particular property relative to the same property of hand-mixed
soilcrete

o cohesion

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

o) normal stress on the failure plane

angle of internal friction

B 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.



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



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



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



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.



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.



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



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.



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



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 — 10°C) (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 80°C 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 G] 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 G] 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'. 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

" http://www.groundsourcesolutions.com

13



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'. 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 G] 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’, 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

"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.

? 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 mm?/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 870°C, 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.

16



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  o» oo eoee oo . ceoe o
ATES oo o . osee - . .
BTES - - ooe o - coee .

. Few applications oo Many applications

oo Some applications seee Very many applications

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

Mix number PO P25 P50 | P75 P100
Replacement percentage (%) | 0 25 50 75 100
Cement (kg/m?) 519.5 | 519.5 |519.5 5195|5195
Water/Cement 0.45 0.45 045 1045 |045
Water(kg/m?) 233.8 | 233.8 |233.8 | 233.8 | 233.8
Sand (kg/m*)(Oven-dry) 1623.5 | 1217.6 | 811.7 | 405.9 | 0.0
ELP (kg/m3)(Oven-dry) 0.0 17.3 346 | 520 |693
Table 2-3 Testing results of insulating shotcrete (W. V. Liu 2013)
ELP replacement percentage 0 25 50 75 100
Fresh concrete density (kg/m?) 2192.7 | 2101.2 | 1929.7 | 1698.0 | 1397.8
Hardened density (kg/m?) 2303.0 | 2151.5 | 1989.9 | 1757.6 | 14444
Oven-dry density (kg/m?) 2139.2 | 1974.6 | 1844.8 | 1525.3 | 1169.1
1st day UCS (MPa) 12.32 | 11.35 | 11.80 | 1098 | 7.71
3rd day UCS (MPa) 27.31 | 22.19 | 2241 | 1640 | 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
Ist 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) 433 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))
Air-dry (48hrs) thermal diffusivity (mm?/s) | 1.1562 | 0.8487 | 0.5587 | 0.4701 | 0.2682
Air-dry (48hrs) volumetric heat capacity
2.1764 | 2.4385 | 3.1378 | 2.4602 | 2.5544
(MJ/(m® - K))
Oven-dry (48hrs) thermal conductivity
1.8313 | 1.4450 | 1.1830 | 0.7351 | 0.3799
(W/(m - K))
Oven-dry (48hrs) thermal diffusivity (mm?/s) | 0.9977 | 0.9363 | 0.6584 | 0.6141 | 0.3438
Oven-dry (48hrs) volumetric heat capacity
1.8354 | 1.5433 | 1.7968 | 1.1972 | 1.1050
(MJ/(m® - K))

2.5164 | 2.0696 | 1.7532 | 1.1565 | 0.6852
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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, S,,, or unconfined
compression strength (UCS), q,,, 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" 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

(J12008) 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.

28



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
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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
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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).

3.54.4. Super-midi jet grouting
This method 1s 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/cm? (kPa) and 13 (1275) to 50 (4903)
kg/cm? (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 Ngpt 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 (Az), the withdrawal rate (v;) has to be selected
in such a way that the duration of jetting (At) is matched with the rotational speed (Rs), i.e.,
At = Np/Rs = Az/v; (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 (Ngpr 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 = ty), the largest column diameter with an average diameter 5.7 meters

can be obtained. In each lifting step of Az, the time At for cutting the soil can be calculated
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by At = Az/v,, where v, 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 (S,) 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 S, (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 Ngp value as a

fuction of the jet grouting systems. Figure 3-40 shows the relationship between the soilcrete

diameter and soil Ngp, 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)

3)

4)

S)

6)

7)

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.

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.

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.

Laboratory formulation experiments should be conducted with hand-mixed soilcrete

samples to verify the values estimated by theoretical and empirical relationships.

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.

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

|
O MJ\ 0.035Q,[—] X {(10P,[MPa])®?* — 1}
Esa (m E) i cm
Vel

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

In a double fluid jet grouting system:

Equation 3-3
Ege = Esg + Esa
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In a triple fluid jet grouting system:

Equation 3-4

_ PwQw
Vit

Est = Esw + Esa, Esw

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 x T (M]/m); specific energy per cubic meter of a column is Esc = P X T/S (M]J/m?); where P
is the mean power delivered by fluid exiting the nozzle, expressed by the product Q X 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 (m?).

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

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 (E,), 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

m X v2
E, =
2XL

Equation 3-7

m = PgxQxat
Expressing v,, as a ratio between Q and the overall nozzle cross-section.
Equation 3-8

8 x pg x Q*
T M2 xM2xdtxv

n

Where, E,: jetting energy at the nozzle
m: grout mass delivered in the time At corresponding to treatment length L
vy,: grout velocity at the nozzles
pg: grout density
Q: grout flow rate
M: number of nozzles
d: diameter of nozzles

v: monitor lifting rate

Equation 3-9
Va = (Q/n)/An

Where, n: number of nozzles

. 1
A, : cross-sectional area of the nozzle (= anﬁ)
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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 Eg 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
E; = 0.0101 x D*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

Where Py & P, = water and grout pressures in MPa
Qw & Q. = water and grout flow rates in m’ [hour

V., = withdrawal rate (™“/hou)

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
I/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 x 221 x p~1.72 x Q188

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 x L x D?
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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 X 3L

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 X K X Pgroty X FR™26 x N702 x v 03) — 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/ cm?)
FR: flow rate (1/min)
N: represents the number of passes

vy, 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 < Pgroye < 500 kgf/cm?; 70 < FR < 3001/min; 1 <N < 20;0.1 <v, < 0.2m/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

0.5
o VJ )

Dzzx(nu—u—mx(l—n)]

Where, Vj: injected grout volume per unit length
n: initial soil porosity

a, B: 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
L, = KxP*x QF x NY/ V]

Equation 3-18
V, = Ry X Rg/60

Where, Ly : 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
V,,: the nozzle movement velocity, m/s

a: empirical coefficients from field data, dimensionless = 0.003
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B: empirical coefficients from field data, dimensionless = 2.186
v: empirical coefficients from field data, dimensionless = 0.135
d: empirical coefficients from field data, dimensionless = 0.198
R, : 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

Ly, = 0.124 X pe X dg372 x v3-192 x N0-135/y0.198

Where, dy: nozzle diameter
vo: initial jet velocity

pr: 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 (Pi B Ps)
dbu

Q.
=
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Equation 3-21

Where, l;: maximum jet cutting distance from nozzle
dp,: diameter of jetting monitor
D: diameter of jetting column
d,: nozzle diameter
P;: pressure at nozzle inlet
P;: ambient pressure at nozzle outlet
Jpy: ultimate soil bearing resistance = N.s,,
Su: undrained shear strength
N.: 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 S, (kPa) = 4.4N,
where N is the standard penetration blowcount (SPT). Soil bearing resistance of cohesionless
soils in jet excavation is about qp, = 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 1s qy,, = 2.4S,,.

Equation 3-22

1 P,—P
d—l = 6.25(1 + M) (®i-F)

n Abu
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Where, M = 3A, 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
A=1uo/Vy
ug: velocity of ambient medium

Vy: 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
2 X vy X A X CX Dgroyt
Qs.8.N _ ¢+ o0, tan(@’)
Yo tan(q’)
f 1+99P7T%

Equation 3-24

2 X vg X A X C X Dgrout

Qc.g.N.cy
Yt

Where, vy: initial speed of the jet threads (immediately after thenozzle)
A: a coefficient (experimentally quantified) related to the nozzle shape that affect
the attenuation of the fluid velocity along the jet axis (x)
C = \/E/ 2 where € = vy/Vymax Which represent a fraction of the maximum

velocity of the jet at distance x from the nozzle
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vy: mean velocity of the jet at distance x

Vymax. represent the respective maximum velocity

Dgrout: nozzle diameter

Qs and Q.: 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 =€¢/€,,)

Y¢: unit weight of the injected fluid

c'" and @': effective cohesion and friction angle of the soil, respectively

Cy: undrained soil cohesion

0, 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
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Equation 3-26
AP 32pgpvsp
L D}

Equation 3-27

VoXc VoXc

vy,
20y,

Pt

Equation 3-28

1 /voxe)\?
(P, + APR;) —Epf( R ) =0

Where, op: horizontal effective stress, Pa
vy,: critical jet velocity, m/s
p¢: density of injected fluid, kg/m3
AP: pressure drop due to friction, Pa
L: length of the backflow, m
Vsp: backflow velocity of the spoil material, m/s
Dy,: hydraulic diameter of the backflow cross-section, m
Vp: initial jet velocity at nozzle exit, m/s
Xc: length of the initial region, m
R;: column size determined from zero effective stress, m
P,: pressure loss due to friction in borehole, Pa
AP;: pressure loss per unit length of flow due to friction in ground, Pa

R,: 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 Italian 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).

_*PQ

Where, P: the injection pressure in MPa,

Equation 3-29

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 x ¢702%5

Equation 3-31
B(c) = 11.2 x c%*

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

do 4FR
R=—+bh.

2 MmDgrouty/ UCS/pa

53




Where, R: radius of the soilcrete column
dy: rod diameter
FR: flow rate of the fluid injected
M: number of nozzle on the rod
Dgrour: 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 1s 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 (Py), air pressure (P,), lifting speed (Lg), rotating speed (Rg) and grout
density (yg). 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
(GRr). 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 (L;H2 (R3HP. (B)S (P (B) . (v31)". (K)E. (1)1, (GR)1. ()’

Equation 3-34

(D)
& Dgg X Dg

Equation 3-35
D
Gr 10

d100 cement

Where D is diameter (cm) of the soilcrete and A,a,b,c,d, e, f,gh,i and j are 7.459 x 10710,
-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 (@) from UCS for soilcrete.

Equation 3-36
_ 0.0t
“~ 2[oy(o, — 30DI°%

Equation 3-37
02 — 4c?

tang =
¢ 4o, X C

Where, oc: UCS

ot: 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(te) + Klogt/to
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Where: qu(t) =Unconfined compressive strength at t days, kPa

qu(to) = Unconfined compressive strength at t, days, kPa

Aw = Cement content percent by mass,
K =480 Ay for granular soils and 70 Ay 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

k
T, = 0.53 + 0.37(UCS) — 0.0014(UCS)?, (UCS <60 C%)

Where, T, 28-day shear strength (kg/cm?®) obtained by direct shear test with zero normal
stress

UCS: 28-day unconfined compressive strength (kg/cm?2)

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 (y4, kg/m?3). Equation 3-40

(R? = 0.70) presents the corrolation .

Equation 3-40
UCS = 2933 X yq — 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
emx (S/0)

UCS = UCSO X (\N/—C)n

Where, W/C: water/cement ratio
S/C: soil/cement ratio

UCS, (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 =

We
BC

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

I‘nW
Rp=—
m mC
Where, m,,: weight of water in soilcrete including water in the original soil and grout

m.: 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
UCS;
UCS14

=a+ b.In(t)

Where, UCS;: 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

W W
UCSwe o (1.24l9Cc9) x (0.038 + 0281.1n(1), LI =1.0~25

= We W
UCS(%z.zs 1_24[(7)2—( ¢, x (—0.216 + 0.342.In(t)),  LI>25
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Where, t: curing period in days

UcCsS . UCS at (%)1 for the curing period of t days

()
W..: water content

C: cement content

UcCsS ,g- UCS at (%)2 for the reference curing period of 28 days
2

Wc
)z

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 (D,) 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)).

60



Equation 3-46

D :&x 100%
u N2

Where, N;: number of collected samples

N,: 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

28\
fcm(t) = e<s'[1_(T) D-fcm
Where, fem (D): strength at age t

fem: 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
b

Eop(t) = <e(s'[1‘(¥)a])> Eemn

Where, Ec.m(D): 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

sa0 = () ()

Where, E.i(t): stiffness at age t
s: a coefficient related to cement type
t: age of the mixture
ag: a coefficient depends on type of aggregate (=0.99 for soil clay)
femo = 10 MPa
fom: 28-day stiffness of the mixture
E.o: 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 yq. 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
~ 1+5/w+ Yw
0.1+ 037(5/y) +0.33(%w)

YSC

Equation 3-51
1
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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
1+ S/ +0.447 (R'/2)
01 +037(S/y) + 015 (R72)

De Paoli et al. (1989) calculated the composition of the jet grouted soil in terms of the cement
(C), dry soail (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

C S
l+w+w
Yo = C S
W, W
Where, G¢: absolute specific gravity of cement

Gg: 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 x (%)3,(1\4951)
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Equation 3-55

C
— = 0.405 x R1/3
W 0.405

P. Croce, Chisari, and Merletti (1990) calculated the density of water-cement (grout) mix based
on Equation 3-56.

Equation 3-56

1+W
Pe=1, W,
foc+ " ow
Where, pg: density of grout (1500 kg/ m?3 for typical grout type)

pc: density of cement (=3150 kg/m3 for typical grout type)
pw: density of cement (=1000 kg/m?3 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

1
= Va1 - )
st = Td A—-n+wy+1

Equation 3-58

A
V, =V
g Cl(A—n+WO+1)

Equation 3-59

Qg:VCI(%)(A—n-I-AWO+1)
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Equation 3-60

_c@-n+wo (Y, +%/e)
1- Yy +W/e)

Equation 3-61

1
d=D [1-
\/ A-n+wy+1

Where, V,,: 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
V,;: volume of soilcrete column
A =V, /Vs: weight content of cement (C) in a unit volume of soilcrete column
V;: volume of soil
n: undisturbed porosity
Wy : volume moisture content of soil (in completely saturated soil n=wy)
v: speed of longitudinal (withdrawal speed or lifting rate)
H: length of the column which the grout is delivered
Y.: 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
W¢
n

4><AZ><y§
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Equation 3-63
Wtc = chement + Wv‘i/ater + sCoil

Equation 3-64

¢ nD? y%n situ | Yg(Yw) ' erected X AZ
() ()| e
SONe)

Equation 3-65

c B GC(YW) <Qinjected groutAZ> i Y'? (Yw) i <erectedAZ>
cement — T — =
W 8rou L S 7
1+6Ge(T) | @ . 1|
\1 TR /
W W)
Equation 3-66
c _ wmD? D) y%n situ N (w>grout GeYuw Qinjeted groutpyz
water 4 1+w C NI 3
1+6(¢)

~ ¥ (yw) (Qe"e“edAZ)

() v )

Where, D: soilcrete column diameter
W total weight of column
Wéement: Weight of cement in column
WY ater: Weight of water in column
Wy,;;: weight of soil in column
AZ: height of soilcrete column

Yt : total unit weight of soilcrete column

W: in-situ water content
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hardening.

Equation 3-67

yinsitu: tota] unit weight of soilcrete column
L: lifting rate of monitor through height of AZ
Qineted grout. flow rate of injected grout

G.: 3.0 specific gravity of cement injected

W grout . L.
(E) : water/cement ratio of injected grout

Yw: unit weight of water
vy: density of the outflow
Gs: specific gravity of the soil

C\® . . . e
(W) : cement/water ratio of the ejected cutting (for sandy gravel soil it is equal to

0.135q/

qu: compressive strength of hardened soilcrete (kg/cm?)

Qeie“ed: 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

V——a V.
“8(m+B—np)

V: soilcrete column volume per unit length

a: volumetric percentage of grout retained by the subsoil

O: percentage of pores filled with grout (excluding the jet grouting in clean

gravels, the pores can be assumed completely filled with grout 6=1)
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B: 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 (f=1-a) 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 (B) varies between 30 to 60, and the percentage of grout

retained (o) 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
Water Jet N.A. N.A. 30~55
Pressure, MPa Grout jet 30~55 30~55 1~4
Air Jet N.A. 0.7~1.7 0.7~1.7
Water Jet N.A. N.A. 70~100
Flow, Lit/min 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 2.4~34 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
. . Coarse grain soil 0.5~1 1~2 1.5~3
Diameter of Soilerete, m g "0 ooll | 0.4-0.8 1-15 12
Resistance of Soilcrete, MPa S; r;de}; Ssoolill 11 (;:31(()) 71' .551155 11.(5):?)5

Table 3-2 Triple fluid jet grouting equipment (Yahiro, Yoshida, and Nishi 1975)

High-pressure water pump

Machine Specification
Guide-hole drilling machine | Boring machine and auger chosen based on soil type.
Plunger pump

Outlet pressure: 200 ~ 700 kg/cm?2
Discharge: 50 ~ 70 1/min

Air compressor

Outlet pressure: more than 3 kg/cm2
Discharge: more than 1 m3/min

Outlet pressure: less than 10 kg/cm2

Grout pump Discharge: 100 ~ 150 1/min
Triple pipe (water, air, and grout)
Monitor 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;

Ji2008)

Method Super jet (Superjet 2004) gggfglet ~Midi (Superjet | 5 yoi (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 (I/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 (I/min) 300x2=600 200x2=400 190 ~ 250"
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

Unconfined Compression
Wet grab (in-situ) cast in to molds Trlax‘1a1
Strength Cast in place plastic pipe retrieved after cure Tepspn .
i Spiriting tensile strength
Core drilling

Direct Shear
CPT (in-situ) if soft enough

As above plus:

- Cast-in-Place Piezometer Pgmeameter . .
Permeability . Rising or Falling Head (in-situ)
Drilled and cast .
. Packer Testing
Piezometer

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.

! 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

Acceptance and use of high-pressure water and jet

grouting technique

(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)

(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

é o0 & Run Undergoes Jet Grouting” 1990; Viner and Wooden 1990; G.K. Burke and Meffe 1991; joseph

§ g § 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

Z 5 § 1995; C. e. Ho 1995; Drooff, Furth, and Scarborough 1995; Pearlman 1998; Sheen 2001; C E Ho,

ST Z Lim, and Tan 2002; Arora and Kinley 2011; Klein, Andromalos, and Trimble 2006; Haider and

H Byle 2000; Saglamer et al. 2002; Wei; Boechm 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)

o (B Nikbakhtan 2007; Guatteri; Pettit and Wooden 1988; Garner et al. 1989; joseph p. Welsh and

s § 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

=2 ‘g P Welsh and Burke 1995; G. k. Burke 1995; G. k. Burke and Koelling 1995; Tanaka and

330 5 O Yokoyama 2006; Cong-jiao, Shi-bao, and Feng-shan 2011; Poh and Wong 2001; Groppo

(‘_5) G} 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)
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Tunneling
Ground Stabilization
Ground movement control

(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; Via, 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)

Piling
Anchoring

(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)

Environmental

Applications
Contamination
Control

(Gazaway and Jasperse 1992; “Process and Device for the Decontamination of Contaminated
Sites”; Flick et al. 1992; G. k. Burke 1992; HBI et al. 1994; Tarricone 1994; G. k. Burke 1995;
Burson et al. 1997; Loomis and Jessmore 2003; Suer et al. 2009; Carter and Webber 2007)

Study on effect of the different operational

parameters, soil type, and jet grouting

systems on soilcrete properties

(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; Bzoéwka 2004)

Jet
grouting

guidelines

(“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
Sinale Fluid | 15— 30f [ 20-35f | 2524f
gierid 4 64_09m |06—1.1m | 08—12m
_13.0-60ft |3.0-60ft |4.0—70ft
Double Fluid | 'y "¢ | 09-1.8m |12-2.Im
Suver Jet 10.0— 14.0ft | 11.0—15.0ft | 11.5— 16ft
up 30-43m |33-46m |3.5-50m
. | 3.0-40ft |3.0-45f |3.0-60f
Triple Fluid 1 g 1 1 09-14m | 0.9-2.5m
7.5ft 7.5ft 7.5t
X-Jet 23m 23m 23m

Table 3-8 Jet grouting systems advantages and disadvantages (George K Burke 2004)

System Advantages Disadvantages
Single -Simplest system gnd 6':q.uipment -Smallest geometry created
Fluid -Good ‘Fo seal errtlcal _]Olr'lts -ngdest to control heave' ' ' ’
-Good in cohesionless soil -Difficult to control quality in cohesive soils
-Most utilized system
Double -Availability of equipment and tooling -Very difficult to control heave in cohesive soils
Fluid -High energy, good geometry achieved -Spoil handling can be difficult -Not usually considered
-Most experience for underpinning
-Often most economical
-Most controllable system
Triple -Highest quality in difficult soils -Complex system and equipment
Fluid -Best underpinning system -Requires significant experience
-Easiest to control spoil and heave
-Requires special equipment and tooling
-Difficult to control heave in cohesive soils
-Lowest cost per volume treated -Best . . .
Super Jet mixing achieved -Spoil handling difficult '
-Cannot work near surface without support
-Highest logistical problems
X-Jet _ggﬁggﬁiﬁ:;if;ﬁirzos ¢ -Ve.ry specialized equipment that requires daily
-Best for soft cohesive soils calllbfatlon . .
-Limited experience available
Table 3-9 UCS of soilcrete, adopted from (Carreto 2000; Tinoco 2012; P Croce and Flora 2000)
w Soil Type - UCS (MPa)
Author/Data ¢ | Organic clay Clay ’ Silt Sand Gravel
Welsh and Burke (1991) - - 1to5 1to5 5toll S5toll
1:1.5 - - 610 10 10 to 14 12t0 18
Baumann (1984) 1:1.0 - - 3105 5t07 60 10
Paviani (1989) - - 1to5 1to5 8to 10 20 to 40
Teixeira et al. (1987) - 0.5t02.5 1.5t03.5 2t04.5 2.5t0 8 -
JJIGA (1995) - 0.3 1 1to3 - -
Guatteri et al. (1994) - - 0.5to0 4 1.5t05 3t08 -
(Bell 1993) - - 0.5t08 41018 5to >25 5 to >30
(Miki 1985) - - <5 5to 10
(M. Shibazaki 1991) - - 10 30
(B Nikbakhtan and Osanloo 2009) - 2.4 - -
(B. Nikbakhtan and Ahangari 2010) - - 0.9t03.3 - -
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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
o, (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 N<10 | 10<N<20 | 20<N<30 | 30<N<35 | 35<N<40 | 40<N<50
(bellows/0.3m)
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 (1/min) 60
Grout pressure (bars) 200
Air pressure (bars) 7

2005) (adopted from (Chu Eu Ho 2005))

Table 3-12 Effective column diameter and operational parameters for double fluid system in cohesive soil (JIGA

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 (I/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 (JJIGA
2005) (adopted from (Chu Eu Ho 2005))

SPT N value N<30 | 30<N<50 | 50<N<100 | 100<N<I50 | 150<N<175 | 175<N<200
(bellows/0.3m)

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 (I/min) 180 140

Grout pressure (bars) 20 to 50
Water flow rate (1/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 S<N<7

T<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 (I/min)

180

140

Grout pressure (bars)

20 to 50

Water flow rate (1/min)

70

Water pressure (bar)

400

Air pressure (bars)

7
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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 N<50 | 50<N<100 | N<50 | 50<N<I00
(bellows/0.3m)

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 (I/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))
(bsglz SJ& gu;) 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 (I/min) 400 600

Grout pressure (bars) 300

Air pressure (bars) 7
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1 1960
1963 — concept and principle of cutting/grouting technique using high pressure jet

i Early 1970’s — chemical churning pile 1970 — Jet grout
1970 1975 — column jet grout

1980 — Jumbo special grout
T 1980 1984 — super soil stabilization management method

I 1990  Early 1990’s — Super jet grouting and super jet-Midi

1995 — X-Jet

1995 — Jet and churning system management

i 1995 until Now — Study on effect of the different operational parameters, soil type, and jet
2000 grouting systems on soilcrete properties

Figure 3-1 Historical development of jet grouting method (Ji 2008)
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Figure 3-2 Jet grouting workability area (HBI, 2004)
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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 3-8 Soilcrete different geometries (HBI 2004; Schaefer 1997)
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Figure 3-9 Different soil erodibility characteristics (Schaefer 1997; HBI 2004)

] Grout jet

]

L —

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)

Grout jetis
shrouded
with air jet

I

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)
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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 jt grouting (Superjet 2004)
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Figure 3-16 Schematic and dimensions of X-Jet grouting system (Ji 2008)
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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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7

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))

85



200

D F 5 mm

53160 -

2= v D =8m

S5 120 J 0

d-o-h ] b /

5 5 0 L,

2 B J

S g 40 ‘1\
2, N

0 2 4 6 g8 10
Straight length (L)

NOZZIe diameter { D)

Figure 3-22 Relationship between potential core length and straight length (Mitsuhiro Shibazaki 2003)
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Figure 3-23 Relationship between core length and narrowing angle (Mitsuhiro Shibazaki 2003)
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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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(Chu Eu Ho 2005))
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Figure 3-26 Optimal repetition frequency of eroding jet (R. Essler and Yoshida 2004)

{a) Intermittent lifi A
Figure 3-27 Lifting methods (R. Essler and Yoshida 2004)

(b) Steady lift

87



7.8

O Legend : [] Top of the improved soil

a + Bottom of the improved soil a
5.8 5

o + b

2 s8] o

=] +

B

£ a0 °*

(=19

-
s-n T T iy T L] ;| L ¥ ¥ Ll

8.2 2.4 2.6 2.8 1

Batio of pull out tiee t/t.

Soil is silty sand with SPT. N= 1010 15 blows/300mm
P = 300 bar. Q = 300 I/min

1, = Longest duration of jetting adopted in the trials

t = Reduced duration of jeting (t < 1,)

Figure 3-28 Relationship between column diameter and duration of jet grouting (M. Shibazaki, Yoshida, and
Matsumoto 1996) (adopted from (Chu Eu Ho 2005))
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Figure 3-29 Relationship between soilcrete diameter and lifting rate; 1) cohesive soil ¢ = 47kPa; 2) soil with low
cohesion ¢ = 7 kPa; 3) non-cohesive soil ¢ = 1kPa (A. Malinin, Gladkov, and Malinin 2010)

1160

1100

1050

1000 ¥
/

e ~.

200 / \\

850

(-]
a
=4

800

750

Column diameter, mm

10 16 2 2% 30 36 4

e

~
P

Road rotation speed, RPM
Figure 3-30 Relationship between soilcrete diameter and rotational speed (A. Malinin, Gladkov, and Malinin 2010)
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Figure 3-34 Jet axial pressure of water jet versus cutting distance from nozzle outlet (Yahiro and Yoshida 1973)
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(Langbehn 1986) (adopted from (Tinoco 2012))
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Figure 3-43 Soilcrete diameter vs Nspt for different jet grouting systems (Jetl: single fluid system, Jet2: double fluid
system, Jet3: triple fluid system) (Tinoco 2012)
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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”)
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energy (H. Yoshida et al. 1989)
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Appendix 3-1 Jet grouting different applications (1/2) (Keller)

Underpinning by means of low de-
formation gravity walls sometimes
also used as a ground water sea-
page barrier. may be safely con-
structed even frem confined
working areas.

Historical buildings may be endan-
gered in the event of settlements
occurring. Soilcrete provides a safe
foundation with the maximum
structural protection.

Foundation modification

Deep foundation

Changes in utilisations or modifica-
tions of buildings often require an
enlargement or alteration of the
foundation. Soilcrete is an economi-
cal and flexible solution for this
task,

Soilerete Is used for new founda-
tions which require special care in
view of nearby existing structures
such as historical buildings or
COMPULEr Centres.
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Tunnel protection

Soilerete - Horizontal

Shaft supports

Soilerete tunnel protection is
mainly constructed in loose soils
below or close to endangered
structures, sometimes with the
aim of reducing the groundwater
ingress into the tunnel excavation.

Horizontal Soilcrete columns pro-
tect tunnel drives in loose soil for-
mations., They are constructed
from working faces and are hori-
zontal or slightly inclined.

Shafts with intersecting Soilcrete
columns are constructed if a vibra-
tion free installation is required
andfor the shafts enter into ground
water bearing strata.

Structures exposed to earth pres-
sures, such as historical walls, abut-
ments, avalanche galleries, steep
slopes protections or quay walls
may be relieved by the addition of
or connection to a statically ealeu-
lated backup Sollcrete body.



Appendix 3-2 Jet grouting different applications (2/2) (Keller)




Appendix 3-3 Application of trple fluid jet grouting in cut-off walls (Yahiro et al., 1975)

Impermeable
zone
== permeable
zone .
retaining wall —_
VY _ﬁ (X% KRR
A7 v
cutoff wall cutoff wall
jet gmuﬁngbxlsthod , Il —17 ogrouing mebmtd
permeabla laya . permeable layer
laTaraTor. impermeable layer
impermeable layer

steel bar

E:!
nlarged toe
cutoff wall by L enarge
Jet grouting method
f

T

107



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)

Chemical churning

Jumbo Jet Special
Grout (JSG): a mixing

Column Jet Grout (CJG): a

Super Soil Stabilization
Management method (SSS-

Method I; lrlrfizith?r?e’fl(l:o?)): method using a high partial replacement method | MAN): reverse type
usin a%i h speed speed grout jet using a high speed water jet | replacement method using a
rou% ot g sp enveloped by an air enveloped by air jet high speed water jet
grout) jet enveloped by air jet
Schematic
diagram
1.63.0m 2040m
Effective Dla. Efoctive Dia.
. . Lifting of a rotating high A pilot hole is drilled by
Uplift of a rotating . . pressure water jet . .
. . Uplift of a rotating . reverse circulation, then a
horizontal grout jet . . enveloped by an air jet cut . .
. . high speed horizintal o . . rotation super high pressure
with a supre high : in-situ soil, which is .
. grout jet enveloped by . (60MPa) water jet enveloped
Outline of | pressure (20MPa) . R partially removed by the L
R . air jet mixes in-situ . . by air jet is lowered
the mixes in-situ soil S uplift flow of the air and : .
. soil with the grout and . removing the cut soil through
method with grout and . water. The excavation is
produces a large size . the reverse rod to produce an
produces a . s filled with grout ) o
o cylindrycal solidified . . excavateion which is filled
cylindrically continuously supplied from . .
o body with grout after confirmation
solidified body a rod to produce a of the size
cylindrical solidified body
Soil tvpe (C;])ilgwszsgﬂ soil Cohesive soil, sandy Cohesive soil, sandy soil, Cohesive soil, sand soil,
P ) Y soil, gravelly soil gravelly soil gravelly soil
(N<15)
. A large cylindrical solidified
A.n improved . . body with a diameter of
diameter of 300- An improved diameter . . . .
. An improved diameter of 2000-4000mm is attainable.
500mm with a of 800-2000mm and a .
Important . . . . 1500-3000mm and a high Concrete, clay, cement
. relatively uniform high strength with . . .
efficiency . . . strength with uniformity mortar, etc can be used as
strength with uniformity are . .
) . . are attainable grout. The diameter of a
uniformity are attainable
. body can be confirmed on
attainable

the ground
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Appendix 3-6 Construction steps of SSS-MAN jet grouting method (Miki & Nakanishi, 1984)
SUPER HIGH
PRESSURE PUMP.

ATER

ESTAND PIPE

DRILLING OF
PILOT HOLE

EXCAVATING
ASPACE

MEASUREMENT
OF THE SPACE
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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
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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=QXp

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 xQ X 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
P

mn

Where, 1: efficiency of the pump, %
P: power output from the pump, Watt
Pih: 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

Where, Ap: pressure loss in the pipe, Pa
f: friction factor, dimensionless
p.: density of water, kg/m?3
v: flow velocity in the pipe, m/s
Ly: pipe length, m
Dy: pipe diameter, m

For laminar flow:

Equation 4-5

Equation 4-6

Where, Re: Reynolds number
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S K
w: dynamic viscosity of water, Pascal. sec (f. 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
Ap 712X Q?
Ly DJ x Re%25

Where, Ap: pressure loss in the pipe, bar
Q: flow rate, m
p.: density of water, kg/m?3
Ly: pipe length, m
Dy: pipe diameter, m

Re: Reynolds number, dimensionless and for water = 21115 X D&

H

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 i1s 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

Ap 59.1xQ7®
Ly  D§™
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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 a = 0.8 can be applied to pump pressure to account for
all head losses in the line and nozzles. Available pressure at the nozzles (P;) can be defined as

follows:

Equation 4-9

Pi = (XPpump

There is another hydrostatic pressure in the borehole at the nozzle outlet caused by slurry and is

given by:

Equation 4-10

Pstatic = pslurrygh

Where, Pslurry: 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 § > 0. Total pressure

at nozzle outlet (P,) can be expressed as follows.

Equation 4-11
Po = (1 + B)Pstatic

However, in a normal jetting condition, P; is several orders of magnitude higher than P,. Thus,

the jet penetration distance is independent from the value of f3.
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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
6 X rpm gpm X psi

63000 psi — 500
20

electric motor HP =
1460 — (

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
6 X rpm N gpm X psi
63000 1460

electric motor HP =

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 a = 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 adapter, 3/8 inch * 1'% inch, 3000
psi
Steel nipple pipe "2 inch diameter 6 inch, 3000 Steel reducer coupling, 3/8 inch to ' inch,
psi 3000psi
Steel nipple pipe '2 inch diameter 6 inch, 3000
psi
Tee Y2 inch * %2 inch * 4 inch, 3000 psi Tee 2 inch * %2 inch * % inch, 3000 psi
Pressure gauge Pressure gauge
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Adapter, %2 inch to % inch, 3000 psi

Relief valve, % inch diameter

Reducer bushing, ' inch to % inch

Black pipe, 72 inch * 72 inch, 6000 psi
Reducer coupling steel, %2 inch to % inch,
3000psi

Steel pipe, %4 inch * 4 inch, 3000 psi

Flow meter

Steel pipe, %4 inch * 4 inch, 3000 psi

Reducer coupling steel, 2 inch to % inch,
3000psi

Steel pipe, 72 inch * 14 inch, 3000 psi

Elbow

Vertical steel pipe, /2 inch * 120 inch, 3000 psi
Black hose, %2 inch * 36 inch, 6000 psi

Tee 2 inch * %: inch * Y4 inch, 3000 psi
Pressure gauge

Black hose, Y4 inch * 4 inch, 3000 psi

Rotary union

Black hose, Y4 inch * 72 inch, 3000 psi

Elbow, %2 inch to 1 inch, 4000 psi

Steel pipe, 1 inch * 50 inch, 3000 psi

Reducer coupling, 1 inch * %2 inch

Elbow steel, 2 inch, 4000 psi

Elbow steel, 2 inch, 4000 psi

Elbow steel, 4 inch, 4000 psi

Nozzle

Adapter, ' inch to % inch, 3000 psi
Relief valve, % inch diameter
Reducer bushing, 2 inch to % inch
Black pipe, 2 inch * 72 inch, 6000 psi

Tee 2 inch * %5 inch, 3000 psi

Steel pipe, %2 inch * 4 inch, 3000 psi
Flow meter

Steel pipe, %2 inch * 14 inch, 3000 psi

Elbow steel, '4 inch, 4000 psi

Vertical steel pipe, /2 inch * 120 inch, 3000 psi
Black hose, %2 inch * 36 inch, 6000 psi
Tee 2 inch * Y5 inch * Y4 inch, 3000 psi
Pressure gauge

Steel pipe, %2 inch * 16 inch, 3000 psi
Rotary union

Black hose, '4 inch * 72 inch, 3000 psi
Elbow, %2 inch to 1 inch, 4000 psi

Steel pipe, 1 inch * 50 inch, 3000 psi
Reducer coupling, 1 inch * %2 inch
Elbow steel, 2 inch, 4000 psi

Elbow steel, 2 inch, 4000 psi

Elbow steel, '2 inch, 4000 psi

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 X 10~* 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 (v,) with a nozzle pressure of P; is given by Equation 4-14
(Momber 1998b). cq4 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

2P
Vo =Cq |[—
0 d 0w

Where, vy: jet velocity, m/s
p.: mass density of water, kg/m3
cq: an efficiency parameter, dimensionless

P: operating pressure (P, — P;), 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 (Q,, = 11 1/min) and the maximum computed water jet exit
velocity (v, = 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 (Qq =

11.31/min) and the average computed grout jet velocity based on the different mixtures (v, =
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, (L, = 7D), and the straight section before the orifice was considered to
be four times the nozzle diameter (L; = 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

: 2P

Where, Fr: reaction force, N
Ij: jet impulse flow, N
m: water mass flow rate, kg/s
vj: jet velocity, m/s
pyw: density of the water, kg/m?3

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 Ibs. 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 Ibs 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

Equipment Type
Field Laboratory
John
gg$p2EZnts YBEZIFSO" Brooks Different Companies and Manufacturers
P CO.,LTD
Water pump $84,554.00 | ¢4 931 00 $58,000.00" | $4,795.00° | $3,851.00° | $72,873.00"
Grout pump $43,539.00 U $22,283.91° $24,314.00°
Electrical $2,933.00 $2,933.00’
Rotation $1,380.00° $2,285.00°
swivel
Rotation Gear-
@ | mechanism | motor & 10
£ $141,344.00 | $3,967.00 $3,967.00
S other
S parts
g | Vertical motion $1,875.05 $4,398.00""
6‘3 mechanism e =
% | Wooden frame $1,106.00 $1,106.00"
= | Nozzles $25,320.00 | $2,064.00 $2,064.00"
Mixing plant/Mixer $103,484.00
. 14
Water, grout, test & disposal $4.391.00 $6,860.55 $39,300.00
tank & pipes
Spare parts for pumps & | ;131 09 | §1.610.00 $1,610.00"
J.G. tools
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 appl

ications (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

' Con-Tech Systems LTD.
* Renown Industries LTD.
? Rotating Right INC.

* TDH Fluid Systems INC.

> Wajax industrial components LP

® TDH Fluid Systems INC.

7 Assumption: the same as the John Brooks Co., LTD

¥ Rotary Systems, Inc.

? Dynamic Sealing Technologies, Inc.
19 Assumption: the same as the John Brooks Co., LTD

"' Newmark Systems, Inc.

12 Assumption: the same as the John Brooks Co., LTD
1> Assumption: the same as the John Brooks Co., LTD

'* Con-Tech Systems LTD.

!> Assumption: the same as the John Brooks Co., LTD
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Table 4-3 Specifications of designed nozzles (mm)

Fluid | D T | Dy Ty L, L, |Ly|L,|L;+L,+L; | B
1.5]75|3.89 (630 | 165|105 |6
water
2507 649|501 155 (17510 15| 33 ;3
. 1.5]175(389|630| 165|105 6
SO 1257 [649[501 55 [17.5] 10
Table 4-4 Nozzle performance in different pressure
Nozzle Olglif;ce GPM @ PSI
size mn.l’ 100 | 200 | 250 | 400 | 600 800 1000 2000 | 3000 | 4000 | 5000
030 1.09 047 |1 0.67 1075 [ 095 | 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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L

Figure 4-2 Agitator and mixing unit to mix the grout; internal diameter 96cm; depth 90cm
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Figure 4-5 Air compressors

Figure 4-6 Control panel of jet grouting operational parameters
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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 (MO3XKBTHFEHA)

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) % inch diameter hoses X 72 inches long with coupling (S3330278 109-08LMLM/72” with 0808-08-08)
6) 3000 psi pressure gauge (025FF03000EX)

7) 2 inch diameter hoses X 144 inches long (S3330278 109-08LMLM/144”)

8) 2" x 36" SS flex hose (HOSE2-77012)

9) 1" x 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 % inch diameter (2221FGS-1E-2.5B-C-0-5-W)
18) Grout flowmeter 10 cps liquid %4 inch diameter (2321FGS1E25BC0663GPMS)
19) Rotating and lifting assembly (S1920 Rotating Assembly)

20) 1/4 HP 90 VDC motor (M1135042)

21) %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 (25FTx3/16 INWSWIVEL HOOK)

26) %2 inch diameter hoses X 60 inches long with coupling (S3330278 109-08LMLM/60” with 0808-08-08)
27) Wooden skid 48" x 48" x 8.5" (§1920 SUPPORT SKID)

LN N
5 |

Simplex double - acting

Quintuplex single-acting
Figure 4-13 Flow variation for different plunger numbers (Gronauer 1972) (adopted from (Ji 2008))
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7.5HP 1750rpm 208-230V

D04 Water pump

Suction line from tank

Recirculation line back to top of

0 - 3000psi pressure tank

gauge

Pressure relief valve - 500-
2500psi range

Discharge line to water
nozzle (pipe assembly 19
and 17)

Figure 4-14 Water pump and motor

.

Figure 4-15 Water jetting plant
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1HP 1750rpm 208-230V

motor MO03 Grout pump

Suction line from tank

0 - 600psi pressure
gauge

Pressure relief valve - 50-
500psi range

Recirculation line back to top of
tank Discharge line to water

nozzle (pipe assembly 18
and 16)

Figure 4-16 Grout pump and motor

Figure 4-17 Grout jetting and mixing plant
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Figure 4-19 Pressure gauges on top of the frame before rotary union

Figure 4-20 Grout mixing plant
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Figure 4-21 Optimal nozzle design (Ji 2008)

| 7= 15~20D

Figure 4-22 Nozzle design for jet grouting (JJGA 2005)

Li L Ly
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|'\ r’l\ fl\ /I
Ty
T
Y g ——
Dy B < v D
To T

N

Ly
Figure 4-24 Nozzle geometry (Ji 2008)
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Figure 4-26 Uni-Guide assembly and steel cable of vertical motion

142



Figure 4-28 Vertical motion motor
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Rotating plate ]

Water Nozzle ]

Grout Nozzle ]




Front of Support Frame ]

Vertical Motion Motor and
Winding Spool position and
orientation

Water line from
pump side

Grout line from
pump side

Figure 4-30 Rotary union assemly
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Figure 4-31 V-belt mechanism for rotational motion
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THIS DRAWING AND ALL INFORMATION THEREON IS THE PROPERTY OF FILAMAT COMPOSITES INC., IS CONFIDENTIAL AND MUST NOT BE MADE PUBLIC OR COPIED. THIS DRAWING IS LOANED SUBJECT TO RETURN ON DEMAND AND IS NOT BE USED DIRECTLY OR INDIRECTLY IN ANY WAY DETRIMENTAL TO THE
INTERESTS OF FILAMAT COMPOSITES INC. ALL COPYRIGHT AND PATENT RIGHTS RESERVED.
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Figure 4-32 Jet grout
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Jet grouting Jet grouting
Monitor rod

To the spoil material

collecting drums

Modeled casing on the cap of the
jet grouting mixing tank

To the spoil material
collecting plant

Figure 4-34 Modeling of casing on the cap of the jet grouting mixing tank

147



Vertical Speed
Controller

Rotational Speed
Controller

Grout Pump
1HP VFD

Water Pump

7.5HP VFD

DC Power Out to
1/4HP Vertical
Motor

DC Power Out to

208V Power Out to 1/4HP Rotational
7.5HP Motor Motor
120V Fuse
208V Power Out to Box
7.5HP Motor
208V Fuse Box

Emergency Stops for each
Motor (labeled)

208V Incoming Power 120V Incoming Power
Connection Connection

Figure 4-35 Control panel box of laboratory jet grouting setup
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D/G-04-X 29 11.0 1750
D/G-04-E 21 78 1750
D-/G04-S 16 6.1 1750

Maximum Inlet Pressure:
500 psi- (35 bar)

Pressure Variable To:
2500 psi (170 bar)

Calculating Required Horsepower (KW)**

6xrpm _ gpm X psi _ glectric motor HP
63,000 1,460- (psu-suu)
20

6xrpm _lIpm X bar _ gjeciric motor kW
84,428 511 ( bar-35 )
4

“*1pm equals pump shaft rpm. HP/KW is
required application power. Use caution when
sizing motors with variable speed drives.

Appendix 4-1 Water pump data sheet

D/G-04 Series
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D/G-04 Series

Max Pressure

2500 psi (170 bar)

Capacity @ Max Pressure

rpm gpm I/min
D/G-04-X 1750 2.9 1.0
D/G-04-E 1750 2.1 1.8
D/G-04-S 1750 1.6 6.1
Delivery @ Max Pressure
revs/gal
500psi 1500 psi 2500 psi
D/G-04-X 565 583 603
D/G-04-E 161 795 833
D/G-04-S 921 972 1093

revs/liter

35har  100bar 170 bar
D/G-04-X 149 154 159
D/G-04-E 201 21 224
D/G-04-S 244 257 287

Max Inlet Pressure 500 psi (35 bar)

Max Temperature 250°F (121°C) — Consult factory for correct
component selection for temperatures above
160°F (71°C)

Inlet Port D-04: 1/2 inch NPT; G-04: 1/2 inch BSPT

Discharge Port

D-04: 1/2 inch NPT; G-04: 1/2 inch BSPT

Shaft Diameter

7/8 inch (22.22 mm)

Shaft Rotation Bi-directional

Bearings Ball bearings

0il Capacity 1.1 U.S. quart (1.05 liters), see Accessories
Section for oil selection and specification.

Weight 37 Ibs (16.8 kg)

Refer to installation quidelines and design considerations for

additional information.

150

Net Positive Suction Head (NPSHr)

35

3.0

25

20

15

0.5

" =
10 DIG-04X
DIG-04-E
9 DIG-04-S
_ 8
s
g 7
5
5 6
2
T s
o
=
4
3
2
1
0
0 200 400 600 800 1000 1200 1400 1600 1800
RPM
Dry Lift
80 —240
70 =10
200
6.0
DIG-04-X 180
= DIG-04-E =
£ 50 DIG-04-5 160 g
g 140 2
“6 —
o 40 120 S
ki 3
£ 30 100 =
= 8 ~
20 80
40
10
20

0
0 200 400 600 800 100012001400 1600 1800

RPM

NPSHr (meters of water)



Appendix 4-2 Water pump motor data sheet

TECO@Wesﬂnghouse

M O T O R §

(CANAD A 1

TECHNICAL DATA SHEET

m' HE PLUS PREMIUM

MOTOR TYPE: AEHH8N CATALOG No: PDH7/504TE2N ISSUED: July 9, 2010
NAMEPLATE INFORMATION
HP Pole RPM Frame Voltage Hz Phase
7.5 4 1755 213T 460 60 3
Enclosure Ins. Class Service Factor Time Rating | NEMA Design Rated Amb. Rated Altitude
TEFC F 1.15 Continuous B -40 to 40 C° <3300 ft
TYPICAL PERFORMANCE
Efficiency (%) Power Factor (%)
Full Load 3/4 Load 1/2 Load Full Load 3/4 Load 1/2 Load
Nom. Min.
91.7 90.2 91.0 89.5 86.5 82.0 72.0
Torque Currents (A)
Full Load Locked Rotor Pull up Break Down No Load Full Load Locked Rotor
Ib -ft % FLT °%FLT %FELT
224 250 155 270 2.8 8.9 64.0
NEMA KVA Inertia  WR? Safe Stall Time (s) Noise Level
Code Rotor NEMA Load | Max. Allowable Cold Hot Sound Press.
Ib-ft? Ib-ft? Ib-ft? dB(A)
H 0.848 39.00 110.00 29.0 20.0 60.0
VFD DUTY INFORMATION
Speed Range VFD S.F.
Constant Torque Variable Torgue Constant Power Carrier Type
10:1 20:1 60-120Hz < 3kHz VPWM or CPWM [1.0 ONLY
ADDITIONAL INFORMATION
Bearings Appro. Weight CSA Certified
DE NDE Ibs Class I, Div. 2, Groups B, C & D T3B
630827 630627 171 Class |, Zone I, Groups IIB+H2, 1IB & IIA T3B
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Appendix 4-3 Pressure relief valve of water pump data sheet

C62/63/64 Series Specifications

Bypass - GPM
0 25 5 75 10 125 15
i 20
1 CEBAB
——
— CaaB 150
"] [0 4T N
100
" (=]
1 50
|— g &10% Bypass
]
10 20 k] 40 50

Capacity Maximum Minimum
gpm I/min gpm 3000
C62-A/D 14 53 1 2750
C63-AD 25 94 1 2500
C64-A/D 40 151 1 2250
Pressure Range Maodel Configuration Suffix E 2000
psi A B . 1750
C62-A 75-500 500-2500 £ 1w
CB3-A 75-1000 1000-2500 g 1250
CB4-A 75-1000 1000-2500 1000
bar 750
C62-D 5-35 35-172 500
C63-D 5-69 69-172 250
C64-D 5-69 69-172 0
Max Temperature 200°F
Inlet and Qutlet Ports
C62-A 3/4" NPT
C63-A 1" NPT
C64-A 1-1/4" NPT
C62-D 3/4° BSPT 500
C63-D 1" BSPT 8000
C64-D 1-1/4" BSPT
Weight 2500
C62-A/D 41bs (1.8 kg) z
C63-AD 6.2 Ibs (2.8 kg) H 2000
C64-A/D 7.2 1bs (3.3 kg) g 1500
(-9
1000
500
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Appendix 4-4 Water and grout pump motor VFD data sheet
Digital Operator

DRIVE FWD REV — REMOTE —

DIGITAL OPERATOR JNEP-31

} PRGM I
DRIVE DSPL

g N Xl
EDIT
JOoG ‘ AN ENTER
e —
TN | ( i
REV I b\ 4
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Features and Benefits

I sensorless Vector - The MA7200 has precise speed and torque control for the most demanding system
performance and simple set-up through an auto-tuning function. It can be operated in sensorless vector or
V/Hz mode to match the user’s specific application.

I Graphical LCD Operator - The MA7200 offers easily read parameters and status in plain English text on a
2 line by 20 character lighted LCD, eliminating the need to memorize parameters - the user can set up the
drive without an instruction manual! Straight forward monitoring of drive status through the operator is also
available, which simplifies set-up and troubleshooting.

I Parameter Copy - No extra hardware is required on this drive. The copy feature is included as standard in
the keypad. Simple cloning of the drive program is available, making it perfect for the OEM.

I Flexible Input/Output Options - The MA7200 offers Sink or Source Selectable Digital Inputs - 4 Preset,
4 User Programmable, 16 Preset Speeds, 2 Analog Inputs, 2 Analog Outputs, 3 Multi-Function Output
Contacts - 1 Form C Relay, 1 Form A Relay, and 1 Open Collector Output.

I Built-in PID Control - The MA7200 has scalable PID feedback for accurate system regulation.

I Powerful Programming Options - The MA7200 allows the user to set up basic parameters for simple
tasks or take advantage of advanced features for demanding applications.

I Simple PLC - The MA7200 can set custom run patterns for multiple machine cycles.

I Communications - The MA7200 has Modbus RTU as a standard. The user can control, program and monitor
the drive(s) over an Industrial Network. Other protocols are also available.

I PG Interface Built-in - The MA7200 has Speed Control Accuracy of 0.1%.
I User Selectable V/F Curves + S Curve area available.

I Motor/Drive Systems - Pair the MA7200 with a TECO-Westinghouse motor for single source reliability.
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Appendix 4-5 Grout pump data sheet

D/G-03 Series "criormance

RPM
max 0 200 400 600 800 1000 1200 1400 1600 1800
max flow  input 333 125
gpm 1/min  rpm g
£
3.00 7 11.25
DIG-03-X| /
/Y
266 " 10
S’/
100PSI(Tbar)  ------ - f
500 PSI (35 bar) —_ = — K
p rﬁsure 1000 PSI (70 bar) ———— ’,’/
233 {875
Fo
DIG-03E|~ /
i%
o A @
220 7 75§
= s L =
S A P
° Y =
5 ¢
68 7 825 =
DIG-03-5
1.33 50
DIG-03:8| .
A
* Note 1.00 e / 375
"
Performance and specification ratings apply to all
configurations unless specifically noted
i DIG-03-G| .-~
otherwise. 0.66 e 4 25
o
. . 0.33 125
Calculating Required Horsepower (kW)**
bxrpm , gpm X pSi _ gjectric motor HP
63,000 1,460
0

6 x rpm +I|1m X har
84,428 511

= electric motor kW

**rpm equals pump shaft rpm. HP/KW is
required application power. Use caution when
sizing motors with variable speed drives.
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D/G-03 Series

Max Pressure*
Metallic Heads:

Non-Metallic Heads:

D/G-03-X: 1000 psi (69 bar)
D/G-03-5, E, B, G: 1200 psi (83 bar)
All models: 250 psi (17.3 bar)

Maximum Capacity*

rpm gpm I/min

D/G-03-X 1750 30 1.3
D/G-03-E 1750 2.2 8.3
D/G-03-S 1750 18 6.8
D/G-03-B 1750 1.1 47
D/G-03-G 1750 0.5 19

Delivery @ Max Pressure*

revs/gal  revs/liter

D/G-03-X 584 155
D/G-03-E 195 204
D/G-03-5 972 258
D/G-03-B 1591 415
D/G-03-G 3500 906

Max Inlet Pressure 250 psi (17.3 bar)

Max Temperature

Metallic Heads:

Non-Metallic Heads:

250°F (121°C) — Consult factory for correct
component selection for temperatures above
160°F (71°C)
140°F (60°C)

Inlet Port

D-03, M-03, M-23: 1/2 inch NPT
G-03, G-13: 1/2 inch BSPT

Discharge Port

D-03, M-03, M-23: 3/8 inch NPT
G-03, G-13: 3/8 inch BSPT

Shaft Diameter

D/G-03: 7/8 inch (22.22 mm) shaft-driven
M-03: 5/8 inch hollow shait for NEMA 56C
C-Face motor

G-13: 24 mm hollow shaft for IEC 90 B5
Flange motor

M-23: 20 mm hollow shaft for use with Honda
engine

Shaft Rotation

Bi-directional

Bearings Ball bearings

0il Capacity 1 US quart (0.95 liters), see Accessories
Section for oil selection and specification.

Weight

Metallic Heads:
Non-Metallic Heads:

281bs (12.7kg)
191bs (8.6kg)

Refer to installation quidelines and design considerations for

additional information.

Net Positive Suction Head (NPSHr)
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Note

NPSHr (meters of water)

Performance and specification ratings apply to all configurations unless
specifically noted otherwise.
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Appendix 4-6 Grout pump motor data sheet

BALDOR-RELIANCEFE

Product Information Packet: CEM3546 - 1HP,1760RPM,3PH,60HZ,56C,3519M,TEFC,F1,N

|_um: Detail

Revision: D Status: PRD/A Change #: Proprietary: No

Type: AC Prod. Type: 3519M Elec. Spec: 35WGM492 CD Diagram:

Enclosure: TEFC Mfg Plant: Mech. Spec: 35A012 Layout:

Frame: 56C Mounting: F1 Poles: 04 Created Date: 08-04-2010
Base: RG Rotation: RS Insulation: F Eff. Date: 07-15-2011
Leads! 9#18 Literature: Elec. Diagram: Replaced By:

Nameplate NP1259L

CAT.NO. CEM3546

SPEC. 35A012M492G1

HP 1

VOLTS 208-230/460

AMP 3.1-3/1.5

RPM 1760

FRAME 56C HZ 60 PH 3
SER.F. 1.15 CODE L DES B _ CL 7 F
NEMA-NOM-EFF 85.5 PF 71

RATING 40C AMB-CONT

cC USABLE AT 208V 3.1

DE 6205 ODE 6203

ENCL TEFC SN
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Appendix 4-7 Pressure relief valve of grout pump data sheet

C22/23/24 Series

(2,

C2
C2
Capacity Maximum Minimum e
gpm I/min gpm I/min
C22-AD 10 378 3 1.3
C23-AD 20 757 3 1.3
C24-AD 40 1514 5 18.9
Pressure Range Model Configuration
psi AA AB AC AE
C22-A 75-500  500-1000 1000-1500  1500-2500
C23-A 75-500  500-1000 1000-1500 —
C24-A 75-500  500-1000 1000-1500 —
bar
C22-D 5-345 34569 69-103 103-172
C23-D 5-34.5 34569 69-103 —
C24-D 5-345 34569 69-103 —
Max Temperature 200°F
Inlet and Outlet Ports
C22-A 34" NPT
C23-A 1" NPT
C24-A 1-1/4" NPT
C22-D 34" BSPT
023-D 1" BSPT E
Ce4-D 1-1/4" BSPT @
Weight
C22-AD 3 1bs (1.3 kg)
C23-AD 6 Ibs (2.7 kg)
C24-AD 10 Ibs (4.5 kg)
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Appendix 4-8 Grout mixer data sheet

Series A and B

Economy Batch Mixer, 1750 rpm
Direct Drive Clamp Mount

Neptune’s economy line of small direct drive mixers for MODEL
small batches of low viscosity fluids. B-1.0
Features
B Universal motor mount accepts 48 and M Off-the-shelf delivery.

56 frame foot mounted motors. W Shaft and Prop 316SS.
B Motors are available in TEFC or 0 PVC coating available.

explosion-proof enclosures.

Air motors also available. W Clamp adjusts to any angle.

Model Standard Shaft Shaft
Number Motor Description Length Diameter
Totally-enclosed fan-cooled (TEFC)
A-1.0 1/4 HP-1-115 32" "
B-1.0 1/4 HP-1-115/230 32" "
B-2.0 1/3 HP-1-115/230 32" "
B-3.0 1/2 HP-1-115/230 32" %
B-3.2 1/2 HP-3-230/460 32" %"
Explosion-proof class 1 group D (EP)
B31 | 12HP4-115230 | 32 | %
Air motor
B40 | 1/4HPwo12HPAR | 3 | %
To develop

1/4 HP at 1725 RPM requires 10 CFM at 45 PSI; 1/3 HP at 1725 RPM requires 14 GFM at 60 PSI; 1/2 HP at 1725 RPM requires 18 CFM at 80 PSI.
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Appendix 4-9 Flow meter data sheet

Orange Research

2200, 2300 & 2400 SERIES

0-1 to 0-30 GPM
1.5-10 to 1-100 SCFM

Variable-Area Flow
for Liquids or Gases

2323FGS

* Large, easy-to-read dial

* Rugged, high line pressure

design -
Vertical or horizontal q
mounting

2221FS

Our variable-area flowmeters are designed for liquid or
gas applications where rotameters often fall short.
These models have large dials with bold markings and
characters that are easy to read from a distance. They
also handle high line pressures and can be mounted in
any orientation.

Like rotameters, they are mounted directly in the flow
stream, but with bodies machined from solid blocks of
metal, they handle high-pressure applications of up to
5000 psi (vs 150 psi for rotameters). This makes them a
natural for hydraulic systems.

The variable-area sensor, a movable Delrin cone (2200 &
2300) or Teflon cone (2400), rests in a precision orifice.

Detailed drawings on website.

6.2"
2.5" dial shown

2321FG SiRe

Fluid flow causes the sensor to move from the orifice and
against a stainless steel spring while the flow rate is
indicated on an easy-to-read dial face.

We offer them with pressure bodies (and wetted parts) of
aluminum, stainless steel or brass. A variety of dial sizes
are available, from 2.5 inch to 4.5 inch.

Choose from a wide selection of dial, porting, seal and
calibration options. Switches, relays and transmitters are
available with the dial or as stand-alone instruments.
More details on these models can be found on our flow
introduction pages 16-19. Electrical details are on

pages 26-27.

2.0"

A

2.5" dial shown

222 FG

232315

=

3.5" dial shown

3.0"
37"

2421FG
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(Detailed Specification Sheets on Website)

Model Flow Porting Maximum Accuracy Turndown* Electrical
range line press./temp.  (ES)repeatability Available**
2221FG/FGS/FS Liquids 1/4” NPT 3000 psig Liquids 10:1 1 or 2 switches
0-11to 0-5 GPM (200 bar) 2% %
(0-4 to 018 LPM) 200°F (93°C)
Air & Gas Air & Gas
1.5-10 to 3-25 SCFM 5%/ %
(40-280 to 75-700 SLPM)
2223FGS/FS/FGT/FT Liquids 1/4” NPT 5000 psig Liquids 10:1 1 or 2 switches
0-1to 0-5 GPM (200 bar) 2%N1 % 1 relay
(0-4 to 018 LPM) 200°F (83°C) transmitter
Air & Gas Air & Gas NEMA 4X
1.5-10 to 3-25 SCFM 5%/M1 % Class 1-Div. 2
(40-280 1o 75-700 SLPM)
2321FG/FGS/FS Liquids 1/2” NPT 3000 psig Liquids 10:1 1 or 2 switches
0-1 to 0-10 GPM (200 bar) 2%M%
(0-4 1o 0418 LPM) 200°F (93°C)
Air & Gas Air & Gas
4-30 to 10-100 SCFM 5%/ %
(100 to 850 SLPM)
2323FGS/FS/FGT/FT Liquids 1/2” NPT 5000 psig Liquids 10:1 1 or 2 switches
0-1 to 0-10 GPM (340 bar) 2%/M1 % 1 relay
(0-3.8 to 0-38 LPM) 200°F (93°C) transmitter
Air & Gas Air & Gas NEMA 4X
4-30 to 10-100 SCFM 5%/ % Class 1-Div. 2
(100-850 SLPM)
2421FG/FGS/FS Liquids Only 1” NPT 1500 psig 2%/M1 % 10:1 1 or 2 switches
0-10 to 0-30 GPM (100 bar)
(0-36 fo 0-110 LPM) 200°F (93°C)
2423FGS/FS Liquids Only 1” NPT 1500 psig 2%M1 % 10:1 1 or 2 switches
0-10 to 0-30 GPM (100 bar) 1 relay
(0-36 1o 0-110 LPM) 200°F (93°C) NEMA 4X

F-Flow G=Gauge S=Switch T=Transmitter

“Turndown results in 1st mark at approximately 10% of full scale
“NEMA 4X switch models have a 1/2 inch NPT conduit port as standard. A DIN 43650A-PG11 with mating connector is optional, rated IP65 & NEMA 4X

Select from each of the applicable categories to construct a model number. Use the model number when
ordering or obtaining additional information and pricing from Orange Research or your local distributor.
Reordering? You must supply the Part Number from your instrument label.

Sample Model Number

2221FGS - 1A -2.5B - A 0-1 GPM-W, 5T
Model Flow Body Dial Case Electrical Range Calibration Optlons {more on pg. X)
2221FG 1A =aluminum  2.5B = 2.5 basic A =8PST,N.O. Liquid W = std. calibr. -water 5 = plastic lens
299{FGS 1C = 316 SS 3.5B = 3.5 basic B = SPST,N.C. 0-1,0-2, 0-3, 04, O = std. calibr. -oil 6 = liquid fill (glycerine)
2991FS 1E = brass 4.5B = 4.5 basic C=SPDT 0-5, 0-8, 0-10,0-15, A= std calibr. -air 8 = reverse flow
2993FGS A-A=2¢ea.-A 0-20, 0-25, 0-30 9 = vertical flow (specify
2993FS Change “B”to“F” B-B=2ea.-B GPM Ingd must specnfy direction — up or
2321FG above for flanged ~ C-C=2ea.-C Air & Gas specific gravity and downward)
2921FGS dial case R2 = relay 2220 Series: V|sc:05|ty Bpecial Seals
2321FS T2 - transmitter 1.5-10, 2-15, 3-20, s ecify (Buna-N standard):
2393FGS 3-25 SCFM gas pressure and T =Teflon
2323FS 2320 Series: temperature V =Viton
More models 4-30, 4-40, 5-50, See std. calibration
above 5-75,10-100 SCFM  conditions page 18
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Appendix 4-10 An example of head loss calculation

Pressure Drop Online-Calculator

Calculation output

Flow medium:

Volume flow::

Weight density:
Dynamic Viscosity:
Element of pipe:
Dimensions of element:

Velocity of flow:
Reynolds number:
Velocity of flow 2:
Reynolds number 2:
Flow:

Absolute roughness:
Pipe friction number:
Resistance coefficient:
Resist.coeff.branching pipe:
Press.drop branch.pipe:
Pressure drop:

Water 20 °C / liquid

11 I/min

998.206 kg/m*

1001.61 10-6 kg/ms

circular

Diameter of pipe D: 12.7 mm
Length of pipe L: 0.2032 m

4.751ft./s
18318

turbulent
0.0016 mm
0.03

0.43

9.33 Ibw./sq.ft.
0.06 psi
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Appendix 4-11 PW series nozzle data sheet

Components Section - Nozzle Volume Chart

A commonly used standard for nozzle size is the “nozzle number”which is equivalent to the nozzle capacity in GPM at a specific PSI.

Spray angle does not effect nozzle volume.
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Components Section - Nozzles

1/4, 1/8 and QC Nozzles

ORDERING INFORMATION
QC connection PW Qc
Y4 npt connection PW 1/4M
00|15,250r 40 orifice size as shown above
V4 fpt connection PW 1/4W
1/8 npt connection PW 1/8M
1/4MNozzle | o Hardened Stainless steel orifice ina stainless steel
2 H housing
‘ Q; ‘) | * Yainch mpt threading, 1/8 mpt threading, % fpt
s " y thatreading or QC connection
N P ¢ * 5000 psi maximum pressure
* QC nozzles color coded based on orifice size.
QC Nozzle 1/4 F Nozzle * Available in 0° (red), 15° (yellow), 25° (green), and
40° (white) spray angle.
GPM @ PSI
Orifice size 1000 2000 3000 4000 5000
020 1.00 1.41 1.73 2.00 2.24
025 1.25 177 217 2.50 2.80
030 1.50 212 2.60 3.00 3.35
032 1.63 2.30 2.81 3.25 3.63
035 1.75 247 3.03 3.50 3.9
037 1.88 2.65 3.25 3.75 417
040 2.00 2.83 3.46 4.00 4.47
045 2.25 3.18 3.90 4.50 5.03
050 2.50 3.54 4.33 5.00 5.59
055 2.75 3.89 4.76 5.50 6.15
060 3.00 4,24 5.20 6.00 6.71
070 3.50 4,95 6.06 7.00 7.83
075 3.75 5.30 6.50 7.50 8.39
080 4,00 5.66 6.93 8.00 8.94
085 4.25 6.01 7.36 8.50 9.50
090 4.50 6.36 7.79 9.00 10.06
100 5.00 7.07 8.66 10.00 11.18
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Appendix 4-12 Vertical motion gear motor data sheet

3300 ) FHP DC GEARMOTORS
\Simsssutieds®) PARALLEL SHAFT GEARMOTORS

SCR RATED: P1100 SERIES DC » SCR RATED
105-:1112 In-Lbs Torque FRACTIONAL HP « PARALLEL SHAFT » TOTALLY ENCLOSED
LOW VOLTAGE: 1.0 SERVICE FACTOR
320-1087 In-Lbs Torque FL. Am  FL Overhung | DIMENSIONS
Output  Torque  Input Type & Retio  Voits  Amps  Load XL XH
Electrical Specifications: RPM  (Lbin)  HP Frame o1 DC  BC {is) Inches
SCR Rated Gearmotors 8 1087 Ya P1103-48 212 90 2.7 700 | 1424 1274 I
SCR rated, permanent magnet 12 1030 Va PI1103-48 143 90 27 700 | 1424 1274
DC gearmotors. Totally
enclosed for continuous duty, 18 7650 e P1103-48 95 90 27 700 |1i4.24 1274
general purpose applications. 42 353 Ya P1102-48 42 90 27 650 | 14.24 1274
All have constant torque
throughout the 60:1 speed range, when 60 238 % Pi102-48 289 90 27 6256 | 1424 1274
Pgwetrgg]by afug Wavte.lul?flhered SCR l]yfpe astorof 2 180 % P1102-48 19 Q0 27 575 |[1424 1274
adjustebio spacd contrl having a typical form factor o 185 105V Pii02-48 13 90 27 525 | 1424 1274
Low Vollage Gearmolors 18 1112 % P1103-48 95 90 50 700 |1649 14.99
Totally enclosed, permanent magnet DC gearmotors, 33 822 ¥ P1103-48 53 90 50 650 | 16.49 14.99
performance matehed for continuous duty. Motors are 1 .
designed for batiery power or can be used with a low voltage 42 708 % Plio2-48 42 90 50 650 | 1649 1499
controller with form factor up to 1.05. 60 476 ) P1102-48 29 90 5.0 625 | 1649 14.89
Mechanical Specifications: 92 320 % P110248 19 90 50 575 |[1649 1489
Gearbox has rugged aluminum die cast housing, for 185 210 % P110248 13 90 50 506 | 1649 14.99

maximum gear and bearing supporl. Precision machined
gearing, hardened for maximum load capability. All gearing
designed and rated to AGMA Class 9 standards and to
withstand momentary shock overload of 200%. Oversized
output bearings for greater overhung load capacity and

fonger life. High-carbon alloy output shaft provides maximum ~ P§ § 00 SERIES DC » LOW VOLTAGE ( 1 2\"
streng1h and llgldlfy A]| needle beganng jopmals ar_e pre<:|3|on- FRAGTIONAL HP . PARALLEL SHAFT . TOTALLY ENCLOSED

ground after heat treating, to provide maximum finish and
fit. Heavy-duly industrial oil seals help keep lubricant in 1.0 SERVICE FACTOR
and dirl out. Gears and bearings are splash lubricated with FL

+ . P Cutput  Torque  Input
permanent, heavy-duty gear oil. Conduit box is included as L

** TEFC enclosure,

Arm FL. Overhung | DIMENSIONS
Type & Ratio  Volls Amps Load XL XH
Frame to1 DC (los.} Inchas

standard.

1,
Application Notes: 8 1087 % P1103-48 212 12210 700 | 1374 1224
These gearmators are designed for mounting at any angle, 60 238 % Pito248 29 12210 625 | 1374 1224
but shatt-up with motor below gearhead is not recommended. 42 705 3 P1102-48 42 12400 650 | 1598 1448
Overhung load capacities shown are at center of output shaft. 92 300 % P110248 19 12 400 575 | 1598 1449

P1100 DC gearmotors have the same mounting dimensions &' © ehclosure.

as Bison 483 gearmotors and many Dayion gearmotors.
The motor’s stall torque exceeds recommended full load
torques. A current fimiting device such as an SCR control
should be used to prevent damage.

For additional information, see Bulletin 1830.

P1100 SERIES - DC

XL

BISON/DAYION S
DIRECT INTERCHANSE -

7.31

483

I«u3,38---—

.19% .19 KEY

2.5 @) e.44
l~—3.50 HOLES

ALL DIMENSIONS [N INCHES

3) 8.88 KNOCKOUTS
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Appendix 4-13 DC speed controller data sheet

(H335e)')| DC ADJUSTABLE SPEED DRIVES
idlallalialhlisl)  SCR CONTROLS

CHASSIS MOUNT - EC2

Everything needed for driving a 90VDC brush motor with no frills. Features
small footprint but standard mounting, 1% speed regulation, user easily sets
min/max speed, IR comp, current limit and
accel/decel. Requires a speed reference
signal from a wired 10K OHM potentiometer
or a 0-6VDC isolated signal. Stop/start is
available through inhabit terminals causing

NEMA4X
TOTALLY ENCLOSED

NERETS : NEMA ,L?ng‘;versi"g %‘,L?;ng motor to coast to a stop; opening terminals
CHASSIS causes the motor to accelerate to set speed.
Typical applications: Conveyors, Materials
Handling, Packaging/Sorting/Printing and
LEESON Speedmaster® DC controls are general purpose drives other OEM machinery.
designed for use with permanent magnet type direct current
motors. NEMA 1 enclosed drives are suitable for most industrial HP Range Outout Catalogue List Disc. "Aop.
applications, with the NEMA 4X enclosures best suited for 115 VAC Amps Number Price Sym. Wat.
washdown or outdoor installations or for extremely dusty 1810 1/2 o EC2 $89 A 1

applications. Chassis only units are available for building into - -
equipment, machinery or existing enclosures. Most controls have a 1/ato1 10 EC2 (with heatsink) 141 A 1

dual voltage switch allowing the control to be used on 115 or 230 * For 3/4 and 1HP - 115V or 1.5 and 2HP - 230V Heat Sink #223-0159 required.
volt, single phase, 50/60 Hertz service. However, the proper
voltage motor should be selected for use with the power supply

input, i.e., 90 volt DC motors for 115 volt input or 180 volt motors CHASSIS MOUNT with speed pot

for 230 volt input service. Installation and adjustment instructions HP Range Output Catalogue List Diso. App.
are included. 115 VAC 230 VAC Amps Number Price Sym. Wat.
SCR/Thyristor drives are available in unidirectional and electro- 1/20t0 1/8 1/20 to 1/4 1.5 MM23012D $195 A 1
mechanical type reversing styles for NEMA frame ratings and 1/8 0 1 14102 10° MM23002D 184 A 1
sub-fractional HP sizes.
1/8to 1 1/4102 10" MM23001C+ 184 A 1
Heat Sink* 223-0159 52 A 1

The MM23000D Difference
* Heat Sink #223-0159 required above 5 amps.

The MM23000D Series SCR drives are dual voltage (115 or 230 VAC) + Has field supply for shunt wound motor control.
and in the industry standard “MM” footprint (3.58” x 4.30”). NEMA 1

and 4X enclosures round out the MM23000D family. NEMA 1

This series is more resilient to vibration and comes with another HP Range Output Catalogue List Disc. App.
feature, a user-selectable inhibit circuit. The user can adjust the 115 VAC 230 VAC Amps Nurnber Price Sym. Wat.
function of the inhibit with jumper pins. The MM23000D Series drives 1/20 10 1/8 1/20 to 1/8 1.5 MM23112D $369 A 5

can inhibit with either open or closed contacts. They can also inhibit to 1801 4102 10+ MM23102D 372 A 5

either minimum set speed or stop.
Heat Sink+ 223-0174 5] A 1

All MM23000D Series drives come with LEDs to let the user know
when the power is on (green) or if the motor has reached the current
limit (red). For applications that require control of a DC motor in the

+ Heat Sink #223-0174 required above 5 amps.

1/20 10 2 HP range, the MM23000D is an excellent solution. NEMA 1 - REVERSING
HP Range Output Catalogue List Disc. App.
Features: 115 VAC 230 VAC Amps Number Price Sym. Wagt.
* Industry Standard Footprint: Full wave, single quadrant SCR 1/20101/8 1100 1/4 15 MM23212D $477 A 5
drives in the industry standard “MM” footprint (3.58” x 4.30"). 1/81t0 1+ 1/4 to 2* 10 MM23202D 510 A 5
+ Enclosures Available: MM23000D Series is available in a NEMA 1 Heat Sink+ 223-0174 75 A 1

enclosure for simple mounting and user operation, or 4X enclosure + For 3/4 and 1HP - 115V or 1.5 and 2HP - 230V Heat Sink #223-0174 required.
for more industrial applications.

» Separate Calibrations: Calibration timmer pots for: minimum NEMA 4X S 5
i HP Range utput atalogue List Disc. App.
Zggelré, ;a;;rgl;;ﬁgﬁed, current limit, acceleration, deceleration, 115 VAC 230 VAC Amps Number Price Sym Wat
. o o o 1/8 to 1 1/41t02 10 174102 $397 A 6
* Multiple LED Indicators: LEDs indicating current limit (red) and
power (green). 1/20 10 1/8 110 to 1/4 15 MM23412D 489 A 7
+ Speed Regulation: Speed regulation maintains speed within 1% of st 1fdto2 10 LAY s A |
the base speed within a speed range of 60:1. 1.5 3 15 174709 1359 A 8

* Plastic enclosure

NEMA 4X - REVERSING

Adjustable Inhibit: Open or close contacts to stop or rotate motor
at a minimum speed.

HP Range Output Catalogue List Disc. App.
115 VAC 230 VAC Amps Number Price Sym. Wat.
1/81to 1 1/4102 10 174107** §514 A 7
** Plastic enclosure - Drive does not have dynamic braking. Motor must be at zero speed before

reversing.
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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

SCR RATED:
5-135 In-Lbs Torque

LOW VOLTAGE:
25-135 In-Lbs Torque

Electrical Specitications:
SCR Rated Gearmotors
Totally enclosed right-angle
geammotors, performance
matched for continuous
service over a 60:1 speed
range. All have constant torque
throughout the range when powered by a

full-wave, unfiltered SCR-type 115 volt input adjustable
spsed control having a typical form factor of 1.3 to 1.4
Also avaitable as factory options are motors for low
vollage input and with double output shafts,

Low Voltage Gearmotors

Totally enclosed, permanent magnet DG gearmotors,

performance maltched for continuous duty. Motors are
designed for battery power or can be used with a low

voltage controfler with form factor up to 1.05.

Mechanical Specifications:

This worm-type right-angle gearing features hardened,
steel worm with bronze worm wheel for long life and
quiet operation. Precision machined aluminum housings
are used. Gearbox has all ball beatings. The housing is
sealed and lubrication is permanent with an oil bath. The
output shatft is field interchangeable from left hand style
to right hand style by reassembly.

Application Notes:

For oplimum seal life, these
right-angle gearmotors
have a lubrication breather
positioned for horizantal
mounting. For other
mountings, the breather-
plug must be reoriented

by using a 90v8" NPT taper
pipe elbow (see drawing). Elbow
not available from LEESON. Vent plug is available
(Part #M1900177_01). However, the motor portion of
the gearmotor should never be mounted below the
gearhead.

Overhung load capacities shown are at center of output
shaft. Conduit box not supplied with motor. See
page 171 for optional conduit box and optional base kit,
See page 205 for cross reference data between
LEESON and other gearmotors.

For additional information on LEESON gearmotors, see
Bulletin 1830.

BODINE/DAYTON
DIRECT INTERCHANGE

10 SERIES - DC

XL

VENT PLUG

- 27 NPT

X 1380
1=~ (3) Leads Kay

12" Long Min,
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{Optional)
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.265
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Appendix 4-17 Electrical configuration of the laboratory jet grouting experiment

ELECTRICAL - SINGLE LINE DIAGRAMS (all wiring by others)

MIXER

115/1/60 ~ N ~ e z_//_
L] [~ L1 \_/
DISCONNECT OVER CURRENT SWITCH 1/2 HP MOTOR
(BY OTHERS) DEVICE (BY OTHERS) (BY JBC) (BY JBC)
230/3/60 [~ _4_ bu _a_ .\a_/_
L] [~ 4/ [t L
DISCONNECT OVER CURRENT EMERGENCY VARIABLE FREQUENCY 7 1/2 HP MOTOR
(BY OTHERS) DEVICE (BY OTHERS) STOP (BY JBC) DRIVE (BY JBC) (BY JBC)
230/3/60 [~ = T Ve | m
L] [ s [l L/
DISCONNECT OVER CURRENT EMERGENCY VARIABLE FREQUENCY 1HP MOTOR
(BY OTHERS) DEVICE (BY OTHERS) STOP (BY JBC) DRIVE (BY JBC) (BY JBC)
115/1/60 [~ [~ 1 | _\a_/
C [ ] vsb M)
DISCONNECT OVER CURRENT VARIABLE SPEED DC GEAR MOTOR
(BY OTHERS) DEVICE (BY OTHERS) DRIVE (BY JBC) 1/4 HP (BY JBC)
115/1/60 -
™ AN VsD (M)
| L] \/
DISCONNECT OVER CURRENT VARIABLE SPEED DC GEAR MOTOR
(BY OTHERS) DEVICE (BY OTHERS) DRIVE (BY JBC) 1/4 HP (BY JBC)
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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

M - M M
w=—m5 sy 100 = —2 x 100
MCdS_MC Ms

Where, w: water content, %,
Mms: mass of container and moist specimen, g
M_qs : mass of container and oven-dried specimen, g
M. : mass of container, g
M,, : mass of water (M, = M s — Mcgs), €

M; : mass of oven dry specimen (Mg = M.qs — M,), 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.
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5.2.1. Particle-size analysis
Particles larger than 75 pm (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 (Dqy),

Uniformity Coefficient (C,), and Coefficient of Gradation (C.) where:

Equation 5-2

o _ (030
¢ Dy *Dgo
Equation 5-3
D
C, = —60
D1o
Where, D3q: diameter corresponding to 30% finer in particle-size distribution curve

Dgo: 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.
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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

G. = & _ M; X Pw @ TOc
) Pw (Ml - MZ + Ms) X Pw @ 20°¢c
Where, Mj;: mass of oven dried soil solids

M; : mass of pycnometer and water
M,: mass of pycnometer and water and soil solids

pw: density of water
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ps: 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

w
y = —
Vim)
Where, W: weight of the compacted soil in the mold

V(m): volume of mold
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Equation 5-6
_ Y
Ya = W(% )

1+ 900

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

WG9 ~va

Weny = X 100%
3T (v (Ge) ’

Where, Wg,t: Water content for complete saturation
Yw: unit weight of water at 20°c
Yq: 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/m?3.

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 1% 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 + 2°C for the UCS test (Figure 5-23).
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In the UCS test, confining pressure o3 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 6, 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

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
A=—r
1100
Equation 5-10
A
A=—2
1— 0.6¢
100
Where, A: corrected cross-sectional area of specimen

Ay: initial cross-sectional area of specimen

€: 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) .

Equation 5-11

_ 9
A(T, l_ T1)

k

' 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
T,: initial temperature
T, : temperature of end face

I: 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' (C) of soil” is defined as heat energy required to
increase the temperature of the unit volume by 1°C. The heat capacity is the product of mass

specific heat® (c, cal/g°C) and density (p, g/cm?) (Equation 5-12) (Farouki 1986).

Equation 5-12
C=cp

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. AT

Where, Q: quantity of heat (J)
m: mass of substance acting as environment (kg)
c: specific heat capacity (J/kg. K)
AT: change in temperature (K)

1 Volumetric heat capacity
2 Specific heat capacity
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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 = x4Cs + x4, Cyy +x,C4

Where, Xg, Xw, and X,: solid, water, and air compositions in a unit volume of soil,
respectively
Cs, Cy, and C,: heat capacities per unit volume of soil solids, water, and air,

respectively (Cy@aoc = 4.20 MJ/m3.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” (a) 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

Ol =

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'; 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 (Cy) and frozen

(Cg) soils, respectively (Farouki 1986).

Equation 5-16

_Ya W
Cy =22 (0.18+ 1.0 100) Cur

Equation 5-17

Yd w
G =14(018 + 05— ¢
F yw( +0.5755) Cu

Where, Yq: dry unit weight of the soil
Yw: unit weight of water

w: water content

Kersten has proposed a different series of equations to estimate the heat conductivity of unfrozen
(+4°C) and frozen (—4°C) soils in terms of the water content (w%) and dry unit weight (yq).
For fine soil containing 50% or more silt-clay, Equation 5-18 and Equation 5-19 give k in
Btu in./ft? hr °F for unfrozen and frozen silt-clay soils, respectively, where yq4 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 yq 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]10%-01vd
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Equation 5-19
k = 0.01(10)%922va 4+ 0.085(10)°008Yayy

Equation 5-20
k = 0.1442[0.9logw — 0.2]100:6243vd

Equation 5-21
k = 0.001442(10)%373vda 4+ 0.01226(10)%499*Yaw

For coarse soils with water content of 1% or more, Equation 5-22 and Equation 5-23 give k in
Btu in./ft? hr °F for unfrozen and frozen soils, respectively, where yq is in 1b/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 yq4 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]10°-01Yd

Equation 5-23
k = 0.076(10)%013vd + 0.032(10)*0146Vayy

Equation 5-24
k = 0.1442[0.7logw + 0.4]100:6243Yd

Equation 5-25
k = 0.01096(10)°8116vda + 0.00461(10)%9115vay
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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 < A < 500 Watt/m. K, a thermal diffusivity
range of 5 X 1078 m?/s < a < 10™* m?/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 M]/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, Apy, o, 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

Appr‘ob = ky/ o teor

Where, tior: total measurement time for the transient recording
a: thermal diffusivity of the specimen material
k: a typical value in hot-disc measurements (k = 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

M]J/m3K and 1.56 mm? /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 1. 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, pg, 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/m?3.

Equation 5-27

Where, w: water cement ratio

188



pc: density of cement grains, (typically 3150 kg/m?, Gs cement solids = 3-15)

pw: 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, o, and volumetric percentage of soil
removed by jet grouting, B, 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)

4)

5)

6)

7)

8)

9

Five different proportions of ELP were replaced with cement by weight. Those
proportions are: 0.0%, 15%, 30%, 50%, and 70%.

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.

The volume of soil and grout was calculated.

The water required for the soil to reach its in-situ water content was calculated based on

the calculated soil mass.

The volume of jet grouting additional water was calculated based on the previously

calculated volume of the grout.

The amount of water and cementitious material for all grout mixes was calculated by

volume, based on the water/cementitious material ratio of one.

The weight of cementitious material was calculated in mix No.l 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" day' 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 110°C 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, p, of samples was calculated using Equation 5-28 (ASTM:C138/C138M-13 2013).

Equation 5-28

_ M. —Mp
Where, M_: mass of the measure filled with freshly mixed grout or soilcrete

M,,,: mass of the measure

V,: 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

—V
L %100

Expansion, % =

Equation 5-30

V, e
Bleeding, % = x 100
Vi

Where, Vg: volume of grout portion of sample at prescribed intervals, at upper surface of
grout, mL
V;: volume of sample at beginning of test, mL
V,: 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

B—A
Absorption after immersion, % = l%l x 100

Equation 5-32

C—A
Absorption after immersion and boiling, % = l( A ) X 100
Equation 5-33
Bulk density, d —[ A ]x —
ulk density, dry = C-D) pP=281
Equation 5-34
Bulk density! after i ' [B]
= X
ulk density?! after immersion C=D) p

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
C
(C-D)

Bulk density after immersion and boiling = [ ] Xp

Equation 5-36

A
Apparent density = [(A — D)] Xp=g,

Equation 5-37

- C—-A
Volume of permeable pore space (voids), % = [gzg gl] X 100 = lEC D%l X 100
5 _

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
g,: bulk density, dry, Mg/m3
g,: apparent density, Mg/m3
p: 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
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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.

196



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
_ 2P
~ mld

Where, T: splitting tensile strength, MPa
P: maximum applied load, N
I: 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™ 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 @ 20°C), 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 M]J/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-S. 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 %

Plastic limit: 19.57% Inorganic clays of medium plasticity
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

Thermal diffusivity: 1.56 mm?/s Based on laboratory
Volumetric heat capacity: 0.83 MJ/m3.K | and field thermal properties test
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/m?3
Voids 53.20%
Unconfined compression strength 1.814 MPa Wet 390.2 % increase
28-day 1.978 MPa Dry 435% increase
Modulus of elasticity 222.64 MPa Wet 463733% increase
28-day 156.43 MPa Dry 325795% increase
Splitting tensile strength 0.463 MPa Wet
28-day 0.324 MPa Dry
28-day moisture content 46.55% Wet
0.52 W/m.K Wet 63% reduction
Thermal conductivity )
0.23 W/m.K Dry 83% reduction
0.42 mm?/s Wet 73% reduction
Thermal diffusivity .
0.25 mm?/s Dry 84% reduction
1.19 MJ]/m3. K Wet 44% increase
Volumetric heat capacity )
0.92MJ/m3. K Dry 11% increase
. ) 719.81]/kg. K Wet 55% increase
Specific heat capacity .
819.4J/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)

2)

3)

4)

5)

6)

7)

8)

9)

The density of mixes decreased dramatically as the amount of ELP increased.

Density remains almost the same after the seventh day of curing.

Fresh grout density decreased and percentage of bleeding increased as the amount of ELP

increased.

The viscosity of fresh grout decreased as the amount of ELP increased.

Increasing the amount of ELP, decreased and increased, respectively, the bulk density

and volume of permeable pore spaces of soilcrete mixes.

UCS, E, and STS generally decreased as the amount of ELP increased.

Mix 3 reached a value of UCS that was almost 435% higher than that of in soil after 28-

days of mixing.

UCS, E, and STS decreased as the specimen’s density decreased and its voids increased.

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%.
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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.
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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 3in 50 kg 10

37.5 mm 1 %2 inch 10 kg 10

19.0 mm % inch 2.5kg 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 1492 1749 2036

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
1.125 (Btu. ft/ft?. h. F)
1.945 (Watt/m.K)

Equation 5-18 37451 (Btu/ft3 °F)
11.337 (Btu.in/ft?. h. F) 2.51 (MJ/m3.K)
0.9447 (Btu. ft/ft?. h.F)

Equation 5-20

1.635 (Watt/m.K)

0.71 (mm?/sec)
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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 (mm?/s)  Specific Heat (M]/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

o Soilcrete
Aggregates Combination Measure
2 3 4 5
cMm.! CM.=ELP + Cement By weight 0.00 0.15 030 0.50 0.70
Grout=Water/C.M.  Grout= Water+ CM. Byvolume 1.00 1.00 1.00 1.00 1.00
Water/Grout Jet Grouting By volume 0.40 0.40 040 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

A . M Soilcrete
regates easure
EEICE 2 3 4 5
] Lit 21.34 31.02 40.70 53.61 66.52
Soilcrete
kg 30.28 30.28 30.28 30.28 30.28

By volume % 0.00 34.04 51.88 65.65 74.07
By weight% 0.00 436 872 14.53 20.34
By volume % 34.25 23.56 1795 13.63 10.99
By weight % 4391 4391 4391 4391 4391
. . By volume % 27.40 16.02 10.05 545 2.64
Amount of cement in soilcrete ]
By weight % 29.06 24.70 20.34 14.53 8.72
By volume % 38.36 2639 20.11 15.27 12.30

By weight % 27.03 27.03 27.03 27.03 27.03

Amount of ELP in soilcrete

Amount of soil in soilcrete

Amount of water in Soilcrete

Table 5-8 Unit weight of grout and soilcrete mixes

Mix No.
Density, kg/m3 1 2 3 4 5
Fresh Grout 1871.19 162220 150147  1350. 1214.76
Fresh Soilcrete 2014.54 1878.735 1765.558 1705.2 1644.83
31 Day Hardened Wet 1898.65 1791.96 1697.02  1582.17 1497.04
70 Day Hardened Wet 1883.79 1793.1 1694.8 1581.59 1499.37
28" Day Hardened Wet 1896.88 1796.53 1661.53 1577.14 1502.81

3" Day Hardened Oven Dry 13963  1232.98 110227  951.7 830.47
7" Day Hardened Oven Dry 148234 1274.245 1131.17  993.56  939.24
28" 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 1875 4375 68.75 725

Table 5-10 Marsh Funnel Viscosity test results
GroutmixNo. 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/m? 1465.7 12832 109429 955.52 859.84
Volume of permeable pore spaces (voids), % 37.19 4494  53.20 57.57 59.88
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Table 5-12 UCS test results

) Mix No.
Unconfined Compressive Strength, MPa
2 3 4 5
3rd Day Hardened Wet UCS 3312 1.766 0.808 0.266 0.082
7th Day Hardened Wet UCS 5276 2123 0.846 0.349 0.113
28th Day Hardened Wet UCS 6.571 4173 1.814 0.755 0.196
3rd Day Hardened Oven Dry UCS 5.638 1972 0905 0.288 0.103
7th Day Hardened Oven Dry UCS 5462  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
Mix No.
Modulus of elasticity, MPa
2 3 4 5
3" Day Hardened Wet 158313  93.873  49.042 15.076 5.261
7™ Day Hardened Wet 465.520  158.330 48.018 22904 19.867
28™ Day Hardened Wet 1280.322 823.678 222.638 39.668 12.820
3" Day Hardened Oven Dry ~ 378.462  102.666 48321 15729 4.989
7™ Day Hardened Oven Dry ~ 1056.134 382.942 92561  20.248 17.482
28" Day Hardened Oven Dry 1118.043 398.443 156.431 28210 5.712
Table 5-14 Splitting tensile strength test results
) ) Mix No.
Splitting tensile strength, MPa
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 0952 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.
2 3 4 5
3rd Day Hardened ~ 36.31 4520 54.39 67.09 80.14
7th Day Hardened 2729 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'
K,W/m.K C,MJ/m3K ¢, J/kg.K o mm?/sec y,kg/m?3

ELP material 0.04 0.06 837 0.67 71.49
Cement 0.29 1.11 740 0.26 1505
Soil® 1.41 0.83 465 1.56 1785
Free water 0.58 4.2 4200° 0.14 1000
Air 0.026 0.0012 1010 20 1.2

Table 5-17 Thermal properties of soilcrete mixes

Thermal properties of 56"-day Hardened Mix No.
Specimen 1 2 3 4 5
Thermal conductivity, W/m. K 0.77 0.63 0.52 0.30 0.22
5 Thermal diffusivity, mm?/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, ] /kg. K 730.14 599.21 719.81 58491 544.44
—  Thermal conductivity, W/m.K 0.36 0.29 0.23 0.18 0.14
%) Thermal diffusivity, mm? /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 ] /kg. K.
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Figure 5-4 Maximum particle size of soil after crushing, 2cm
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Figure 5-6 Maximum particle size passes sieve No.4 after grinding

| 2

Figure 5-8 Hydrometer test on portion smaller than sieve No. 10
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Figure 5-13 Plasticity chart (ASTM:D2487-11 2011; Das 2008)

Group Symbol Group Name

<30% plus ? <15% plus No. 200 Lean clay

No. 200 15-29% plus No. 7()()\—\: % sand = % gravel = Lean clay with sand
PI>7and CL % sand < % gravel = Lean clay with gravel
plots on or % sand = % gravel L <15% gravel — Sandy lean clay
above =30% plus < =15% Lmul —_— i.md\' lean clay with gravel
A-line No. 200 % sand < % gravel <15% sand ——— (-mvull\ lean clay

=15% sand ——— Gravelly lean clay with sand
<30% plus Y: <15% plus No. 200+ Silty clay
No. 200

15-29% plus No. 7(!)* % sand = % gravel — Silty clay with sand

Inorganic 4=pl=7—CL-ML % sand < % gravel — Silty ¢

mlh g_r.m.l

and plots on % sand = % gravel ? <15% gravel —— Sandy
or above =30% plus < =15% grave] —— Sandy ' with gravel
A-line No. 200 % sand < % gravel <15% sand ——— (mm.lh ay
=15% sand —— Gravelly silty clay with sand
<30% plus ? <15% plus No. 200 Silt
LL <50 No. 200 15-29% plus No. ”(ll: % sand = % gravel — Silt with sand
Pl<4or ML % sand < % Lr.l\l.l—’ Silt with gravel
plots below % sand = % gravel ? <15% gravel ———— Sandy silt
A-line =30% plus < =15% gravel —— Sandy silt with gravel
No. 200 it

% sand < % gravel -<: <15% sand —— Gravelly
=15% sand Gravelly silt with sand

-, (LL-oven dried .
anic | =2=—0vVen criec — — See Figure 3.23
Organic (LL—m:l dried - “'75) OL i

<30% plus = <15% plus No. 200 Fat clay
No. 200 15-29% plus No. 7(X)< % sand = % gravel = Fat clay with sand

Pi plots on CH % sand < % gravel = Fat clay with gravel

or above % sand = % gravel <15% gravel — = Sandy fat clay

A-line =30% plus < =15% gravel — = Sandy fat clay with gravel
No. 200 % sand < % gravel -<: <15% sand —— Gravelly fat clay

=15% sand —— Gravelly fat clay with sand
Inorganic
. <30% plus < <15% plus No. 200 Elastic silt

No. 200 15-29% plus No. 7()(): % sand = % gravel — Elastic silt with sand

PI plots MH % sand < % gravel — Elastic silt with gravel

below % sand = % gravel ? <15% gravel ———= Sandy elastic silt

LL =50 A-line =30% plus < =15% gravel ——— Sandy elastic silt with gravel

No. 200 ic silt

% sand < % gravel -<: <15% sand —— Gravelly clas
=15% sand ———= Gravelly elas

¢ silt with sand
.. (LL-oven dried < . . 1
Organic (==—0¥EN CTIET - () 75 OH See Figure 3.23
TR (LL ~not dried < \) i

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
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Figure 5-16 Principles of compaction (Das 2008)
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hammer = 244 N
(Mass = 2.5 kg)

-

50.8 mm
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Figure 5-17 Standard Proctor test equipment: (a) mold; (b) hammer (Das 2008)
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Figure 5-18 Compacted soil samples

=== Dry Unit Weight

[uny
©
I

== Wet Unit Weight

18.5 -
-~ 100% saturation (Gs = 2.7)

[EEY
(o]
I

17.5 A

[uny
~N
I

16.5 -

16 T T T T T
10.50 12.50 14.50 16.50 18.50 20.50

Water content - w %

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 5-23 Soil sample for UCS test
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Figure 5-24 Unconfined Compression Strength test (Das 2008)
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Figure 5-25 Cross-sectional area correction determination (Das 2008)

Figure 5-27 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
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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)
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Figure 5-32 Thermal properties and water content for standard soils' (Sanger 1968)

1 L(Btu/ft®) = 1.44 X yq(Ib/ft3) X w(%); Cp = y4(0.17 4+ 0.005w); Cy = y4(0.17 + 0.01w). The value Cg is
always about 30 in saturated soils and Cy varies between 35 and 50 but is usually 45. The heat capacity of soil
can be calculated by multiplying Cy; with mass specific heat of water (c,,).
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Figure 5-34 Sample preparation (SMPE 2012a; SMPE 2012b)

Thermal conductivity, (W/mK)
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== Reference values
= Reference values
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Figure 5-35 Variation of thermal conductivity with depth
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Figure 5-36 Variation of specific heat capacity with depth
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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)
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Figure 5-40 Grain size distribution of ELP
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Figure 5-41 Grinding the top and bottom of the specimens
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Figure 5-42 Density of fresh grout and soilcrete specimens with different mixtures of ELP
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1: Fresh Grout; 2: Fresh Soilcrete; 3: 3rd Day Hardened; 4: 7th Day Hardened; 5: 28th

Day Hardened

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
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Figure 5-45 Relationship between fresh grout density and Marsh Funnel Viscosity
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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
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Figure 5-48 UCS test on soilcrete samples
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Figure 5-49 UCS of soilcrete specimens with different mixtures of ELP material

228



10

UCS, MPa
o

UCS, MPa
© © © © © © o 0O
RN Wb 1O N

o
-

1
Mix 1, Wet
Mix 2, Wet
(W H A\ Aot
VX 5, Wet
. MNiv-1 0O N
VIIA L, UVCITT UTY
Mix Oven-Drv -~
WVIHIA £, YVCIT U Y e
Mix 2 Oven Dfv o
Vx>, 0Ovenb
“ P
| —
——
— —
/
,
| — — |
e ————
]

Ao A—\A
IVIX Ll’ \

_5‘!;
—

Mo T \A
VX ﬂ, \

el

——=—=Mix4,OvenDry

— )

Mix ;I O

/en ﬁr\ll

1: 3rd Day Hardened; 2: 7th Day Hardened; 3: 28th Day Hardened
Figure 5-50 UCS of soilcrete specimens during curing times
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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
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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
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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
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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
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Figure 5-61 Splitting tensile strength of soilcrete specimens with different mixtures of ELP material
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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
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Figure 5-65 Relationship between 28-day STS and 28-day E of soilcrete mixes
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Figure 5-67 Moisture content of soilcrete mixes in different curing times
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Figure 5-68 Relationship between 28-day moisture content and 28-day density of soilcrete mixes
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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
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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
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Figure 5-76 Relationship between thermal conductivity and moisture content of soilcrete

Moisture content (%)

-30
20 30 40 50 70

-35

wet to oven-dried condition (%)

-55

Thermal conductivity reduction from

-60
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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
2 24
3 36 0-60 62" long, approximately 10" of soil
4 48
5 62
6 72
7 54" long, hard clay,
8 60-120 softens and dries near 60 end
9 sample taken 28" from the 120 end
10 | 116
11
12 43" long, hard cla
13 120-180 & Y
14
15 | 159
16 Some loose, broken clay 50" long
17
18 180-240
19 Lite brown clay
20 | 209
21 | 228 67" long, clay is lighter, sample 9" from 207 end
22 | 240 207-273 Gravelly
23 | 276
24
25 273318 Hard Dark clay 43" long
26
27 | 319
28 42" long
29 | 346 318-360 some sand
30 | 361 Hard Dark clay
31 NA 29" + 25" = 54" long, dark sandy clay,
32 | 415 sample 13" from 360 end
33 " L J— "
34 360-420 27"+ 19" =48 Hlong, hard, dark clay,
35 | 463 sample 6" from 420 end
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36

37 " " "
33 420 - 480 17"+ 39" = 58" long,
39 hard dark gravelly clay
40 | 521
41 48" + 19" = 67" long, hard, dark gravelly clay,
42 480-540 3 of 3 sample 36" from 540' end
43 | 588 Rocks
44 27" + 40" = 67" long,
45 | 643 hard dark gravelly clay, sample 7" from 600 end
46 340-600 2 of 3 sandy hard dark clay
47 | 655 sand
48 | 667 .
44" long, sand turning to hard brown clay and finally gravel,
49 | 689 600 - 700 1 of 3 " "
50 | 699 sample 9" from 600 end and sample 3" from 700 End
51
52 53" long, hard grey clay,
53 600-660 2 of 2 turning to soft dark brown clay,
54 | 736 sample 16" from 660 end
55 | 752
56
57 65" long,
58 660-720 1 of 2 hard grey clay turning to brown clay,
59 | 803 sample 17" from 720 end
60 | 817
61
62
63
64
65 | 830 19.5" long,
66 720-840 grey clay changes to brown
67
68
69
70 | 837
71
72 28" + 35" = 63" long,
73 840-900 2 of 2 soft brown gravelly clay/silt,
74 sample 22" from 900 end
75 | 893
76 61" long, brown gravelly,
77 | 906 sample 11" from 960 end
78 900-960 1 of 2
79 | 950 grey w/fine sand
80 | 954 Dark/gravelly w/ blue/green tinge
81 | 972 47" long, blue/green clay turning to dark,
82 4 of 4 gravelly clay,
83 | 1001 sample 8" from 960 End
84 | 1009 54" long, dark,
85 | 1037 960 3 of 4 gravelly clay w/ 28" of lite grey clay in between,
86 | 1055 sample 7"
87 46" long,
88 | 1101 960-1020 2 of 4 dark grey clay w/ gravel and oxidization
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89 | 1137 48" long w/ grey clay, coal,
90 | 1149 1020-1080 T of 4 gsamﬁleyl od
g; 1184 1080 - 1200 3 of 3 67" long dark, hard silty clay
93 | 1216 coal
94 57" long, oxidized,
95 1080 - 1200 2 of 3 more near 1080 end, hard dark clay,
9 | 1273 sample 30" from 1080 end
ZZ ggg 43" long, hard,
1080 - 1200 1 of 3 dark clay w/ gravel for part,
99 sample 7" from 1200 end
100 | 1316
101 | 1328 43" long,
102 1200-1320 4 of 4 grey clay w/ oxidation,
103 | 1359 some gravel at top sample 6" from 1200 end
104 50" long, grey clay w/ oxidization
105 | 1409 1200-1320 3 of 4 sample 17" from 1200 end
}gg 1448 1200-1320 2 of 4 39" long, grey clay
108 68" long gravel towards top,
109 1200-1320 1 of 4 grey clay,
110 | 1516 sample 14" from 1320 end
111 52" long clay w/ coarse sand
112 1320-1440 3 of 3 sample 19" from 1320 end
113 | 1568 coal
114 74" long clay w/ fine sand near top,
115 1320-1440 2 of 3 coarser at bottom
116 | 1642 samples 19" and 61" from 1440 end
i i; 1662 49" long, brown clay on top,
119 1320-1440 1 of 3 the reit grey clay,
120 | 1691 sample 14" from 1320 end
121 57" long green clay
122 (sample @ 1172" (6" long))
123
124 (sample at 120'3" (3" long))
125
126 1440-1560
127 | 1730 coal
128 grey clay (sample @ 126'6" (4" long))
1291 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
145
146
147
148
149
150

1738

1760

1776

Section ends at 150'

146'8"-144'10" dark clay

sample @145'7" (4" long)
148'0" - 146'8" light grey clay

sample @ 147'9" (4" long)

151
152
153
154
155
156
157
158
159
160

1812
1824
1836
1848
1860
1872
1884
1896
1908
1920

151'-148' lite grey sandy clay
sample @148'6" (2.5" long)
171'-151" grey clay
sample @ 153' (6" long)

sample @ 159'6" (8" long)

161
162
163
164
165
166
167
168
169
170

1932
1944
1956
1968
1980
1992
2004
2016
2028
2040

sample @ 165' (9.5" long)

171
172
173
174
175
176
177
178
179
180

2052
2064
2076
2088
2100
2112
2124
2136
2148
2160

175'-171' dark, sandy clay w/ coal
sample @174'11" (6" long)

175'8"-175" hard sand/clay light (rock?)
sample @ 175'2.5" (5.5" long)
178'2"-175'8" dark clay w/coal sample @176'10"(6" long)
180'6"-1782" coal
sample @ 179'8" (3.5" long)

181
182
183
184
185
186
187
188
189
190

2172
2184
2196
2208
2220
2232
2244
2256
2268
2280

185'10"-180'6" sandy dirt

sample @183'9" (4.5" long)

190'3"-185'10" grey clay
sample @ 187'8" (6" long)

191
192
193
194
195
196
197
198

2292
2304
2316
2328
2340
2352
2364
2376

191-190'3" coal
196'2"-191' dark clay/sand

197'6"-196"2" clay/coal mixture
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.m?/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

2
through a distance of one meter (J = N.m = kg. r:—z = Pa.m® = W.s). Calorie is amount of the

energy which equals to exactly 4.18] in thermochemical.

254



Appendix 5-3 Thermal conductivity of unfrozen silt and clay soils as a function of moisture content and dry density
(mean temperature is 40°F). The degree of accuracy is £25% (after Kersten 1949) (adopted from (Farouki 1986))
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Appendix 5-4 Thermal conductivity of frozen silt and clay soils as a function of moisture content and dry density
(mean temperature is 25°F). 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))
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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 40°F). The degree of accuracy is +25% (after Kersten 1949) (adopted from (Farouki 1986))
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Appendix 5-8 Thermal conductivity of frozen sandy soils as a function of moisture content and dry density (mean
temperature is 25°F). 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))
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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

Stress, 6 MPa
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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 !
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 likelithood 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 1b) 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

" All tests were done based on the same ASTM methods discussed in Chapter five.
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(2204.62 1b) 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).

266



Equation 6-1
¢ = f(0)
Where,
Ts: shear stress on the failure plane

o: 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

Tf = Cc + o tan@

Where,
c: cohesion (between particles, stress independent component); cementation
between sand grains or electrostatic attraction between clay particles

@: 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 cm? 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

normal force

o0 = normal stress = - -
area of cross section of the specimen

Equation 6-4

resisting shear force

T = shear stress = - -
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

d
Rd = —f
te
Where, Rg4: displacement rate, in./min [mm/min]

d¢: estimated relative lateral displacement at failure, inch.

ts: total estimated elapsed time to failure, min.

These two factors (ds and t¢) 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 mm?/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 24°C 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'
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 110°C 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)'. 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 1°C; 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)

2)

3)

4)

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.

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.

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

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

Nsva = Ny X B

Equation 6-7

1()actual soilcrete = 19in—situ soil + [(19hand—mixed soilcrete — 1()in—situ soil) X B]

Where, Nsv.u: improvement percentage of soil particular property relative to the same

property of hand-mixed soilcrete
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Nsv.a: improvement percentage of soil particular property relative to the same
property of actual soilcrete

O: particular property of soil or soilcrete in both wet and dry condition (UCS,
thermal conductivity, volumetric heat capacity, and thermal diffusivity)

B: 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, t¢
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 ' Water flow Grout ' Grout flow Lifting speed Rotating speed
pressure (psi) rate (GPM) pressure (psi) rate (GPM) (cm/min) (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 | Thermal diffusivity | Volumetric heat capacity
w/mK mm?/s 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 | Hand-mixed experiment In-situ soil Varlatlgn 1&2
(@) 2 Yo
UCS, MPa 1.100 1.814 0.370 39
Thermal conductivity,
Wet w/mK 0.621 0.520 1.410 -19
Volumetric heat capacity,
MJ/m?. K 1.730 1.196 0.830 -44
UCS, MPa 1.700 1.978 0.370 14
Thermal conductivity,
Dry w/mK 0.154 0.230 1.410 33
Volumetric heat capacity,
MJ/m?. 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
100 0.6852 | 0.3799
Thermal conductivity w/mK 75 1.1565 | 0.7351
50 1.7532 | 1.1830
Soilcrete created by laboratory jet grouting setup 0.621 | 0.154
. . 100 10.33 | 146.7
Improvement percentage re!atlve to .soﬂcrete created 75 6.2 3773
by laboratory jet grouting 50 1323 | 6682

Table 6-15 Improvement percentage of soilcrete properties versus in-situ soil'

In-situ soil In-situ soil
Condition Parameter Versus Versus
Actual S.C.> | Hand-mixed S.C.
UCS, MPa +197 +390
Thermal conductivity, 56 63
w/mK
Wet iffusivi
Thermal dlszusw1ty, 74 7
mm-~ /s
Volumetric heat capacity,
+ +
MJ /m?. K 108 44
UCS, MPa +359 +435
Thermal conductivity, 89 84
w/mK
D . . .
ry Thermal dlszus1V1ty, 86 84
mm*/s
Volumetric heat capacity,
+ +
M) /m?. K 10 11

Table 6-16 Recommended safety factor to calculate actual soilcrete properties based on hand-mixed specimens

Condition Parameter Recommended correction factor
UCS, MPa 0.50
Thermal conductivity, 0.90
w/mK
Wet Thermal diffusivity,
2 1.00
mm*-/s
Volumetric heat capacity, 550
MJ/m3.K '
UCS, MPa 0.83
Thermal conductivity,
1.05
w/mK
Dry Thermal diffusivity,
2 1.00
mm*/s
Volumetric heat capacity, 085
MJ/m3.K '

1 P . . . .
Positive and negative sighs mean increase and decrease, respectively.

2 Soilcrete
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Figure 6-2 Excluding coal layers during crushing in-situ core samples
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Figure 6-3 Crushed in-situ soil

Figure 6-5 Jet grouting tank wrapped with thick plastic
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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
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Figure 6-10 Mohr’s failure envelope and Mohr-Coulomb failure envelope (Das 2008)
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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
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Figure 6-14 shear stress vs normal stress in direct shear test on reconstructed soil specimens

286




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
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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
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Figure 6-20 STS test on soilcrete cores
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Figure 6-21 UCS of soilcrete and grout versus soil
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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
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Figure 6-25 shear stress vs normal stress in direct shear test on soilcrete specimens in dry condition
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Figure 6-27 shear stress vs normal stress in direct shear test on soilcrete specimens in wet condition
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Figure 6-31 Thermal conductivity 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)

2)

3)

4)

5)

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.

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.

The thermal conductivity of actual soilcrete with respect to its value in soil was improved

56% and 89% in wet and dry conditions, respectively.

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.

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

300



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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