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Generalized Approach for Prediction of Jet
Grout Column Diameter
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Abstract: This paper presents a generalized approach for predicting the diameter of jet grout columns based on the theoretical framework of
turbulent kinematic flow and soil erosion. The proposed calculation method is applicable to all conventional jet-grouting systems and takes into
account the full range of operational parameters, fluid properties, soil strength, and particle size distribution, including the effect of the injection
time on erosion distance. It was demonstrated that the increase in the jet grout column diameter arising from the use of a compressed air shroud in
the double and triple fluid systems is approximately 27-81% for the typical range of air pressure of 0.5-1.5 MPa. The proposed method was
applied to four case histories involving four variants of jet-grouting systems, i.e., single fluid, double fluid, triple fluid, and an enhanced triple
fluid system. Comparison between the calculated and the measured jet grout column diameters indicated that the proposed method can produce
reasonable predictions for a variety of soil conditions. It was shown that jet grout columns formed by the enhanced triple fluid system are larger
than those formed by the conventional triple fluid system by approximately 36% on average. The proposed generalized approach allows all the
key variables to be considered and is a useful means for the design of ground improvement by jet grouting. DOI: 10.1061/(ASCE)GT.1943-

5606.0000932. © 2013 American Society of Civil Engineers.
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Introduction

Soft ground improvement technologies based on chemical reactions,
such as deep mixing (Han et al. 2002, 2007; Chai et al. 2005; Yin and
Fang 2006; Shen et al. 2008; Chen et al. 2013; Horpibulsuk et al.
2012) and jet grouting (Burke 2004; Mihalis et al. 2004; Fang et al.
2006; Shen et al. 2009a, 2013a, b; Wang et al. 2013), are commonly
adopted to enhance stability when infrastructures are constructed in
soft deposits. Jet-grouting technology is based on the injection of
high velocity fluids through small-diameter nozzles to erode the soil
and mix it with injected grout to form a soil-cement column. Based
on the different methods of fluid injection, jet-grouting technology
can be classified as a (1) single fluid system (only grout), (2) double
fluid system (grout and air), or (3) triple fluid system (water, grout,
and air). In the double fluid system, the cutting distance is increased
by introducing a compressed air shroud around the grout jet. In the
triple fluid system, the cutting jet utilizes water instead of grout,
which is also surrounded by a compressed air shroud, while the grout
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is injected separately through a nozzle located at a lower elevation at
a much smaller pressure to mix with the eroded soil. In this case, the
cutting distance is further enhanced because of the lower viscosity of
water in comparison with that of grout. Tsujita (1996) introduced
a variation of the conventional triple fluid system, herein termed the
enhanced triple fluid system. In the enhanced triple fluid system,
both the water and grout jets are simultaneously injected under high
pressures (Shen et al. 2009b), such that the soil is subjected to two
stages of erosion: initially by the water jet and then by secondary
erosion by the grout jet. The exposure of the soil twice to the cutting
action of the jets enables a larger column to be formed.

Although jet-grouting technology is continuously being de-
veloped in an attempt to increase the dimensions and strength of the
jet grout columns, one problem that is still of great concern to the
designers is the uncertainty associated with determining the di-
ameter of the jet grout column at the design stage. The achievable
column diameter is governed by the jetting parameters adopted and
soil properties; hence, due consideration of these influencing factors
is necessary for proper prediction of the column diameter. The
existing methods for predicting the column diameter can be divided
into two basic categories: (1) empirical approach (Shibazaki 2003;
Mihalis et al. 2004) and (2) theoretical approach (Modoni et al. 2006;
Ho 2007; Wang et al. 2012). The existing methods have been de-
veloped primarily for the single fluid system.

In this paper, the existing methods are briefly reviewed and
discussed and a generalized method of predicting the diameter of the
jet grout column for all three jet-grouting systems is introduced
based on the theory of turbulent kinematic flow and soil erosion. In
the proposed method, the operational parameters used in different
jet-grouting systems, such as the number of nozzles, diameter of
nozzles, flow rate, jetting pressure, withdrawal rate, and rotating
speed, as well as the in situ soil properties, such as soil strength and
particle size distribution, are considered. The predicted column
diameters are compared with field measurements obtained from four
full-scale trials.
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Review of Existing Methods

The existing methods for estimating jet grout column diameter are
either based on an empirical approach or a theoretical approach. In
this study, the existing methods including the empirical approach
[Egs. (1) (Shibazaki 2003) and (2) (Mihalis et al. 2004)] and the
theoretical approach [Egs. (3) (Modoni et al. 2006) and (4) (Ho
2007)] are listed as follows:

Do = kpg! Q@N© Ve (1)
n
Do = i (peQy/v:) @
p
Dy =2 J V.t*dr* 3)
0

Dy = 12.5dg [0+, @)

where Dy = calculated diameter of the column; p, = jetting pressure
of grout; O, = flow rate of grout; N = number of passes of the jet; v,,
= horizontal tangential velocity of the nozzle; vy = withdrawal rate
of the rod; V.. = penetration rate of the fluid jet in soil; #* = duration
of action of the jet on soil; dy = nozzle diameter; py = presiding
pressure at nozzle outlet; ¢,, = ultimate bearing resistance of soil; D,
= diameter of monitor; and k, k;, k2, k3, k4, n1, and n, = empirical
coefficients.

The empirical methods were developed based on observations
derived from jet-grouting field trials and attempt to mathematically
correlate column diameter to the various operational parameters
using a power law. Hence, these relationships do not have a clear
physical meaning (Croce and Flora 2000). In the empirical methods,
only certain operational parameters, such as jetting pressure, flow
rate, and withdrawal rate of the nozzle, have been considered, while
other important parameters, such as nozzle diameter, effect of air
shroud in double and triple fluid systems, rotation speed, grout
characteristics, and soil properties, have been ignored. The empirical
coefficients were derived for specific ground conditions, and it
would be difficult to apply them for other jet-grouting projects in
which the ground conditions are different.

The theoretical methods were based on theories of turbulent flow
and soil erosion (Modoni et al. 2006; Ho 2007). With these methods,
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the physical process of jet grouting, i.e., the interaction between fluid
jet and soils, can be reasonably described. Modoni et al. (2006)
presented two models for describing the physical process of jet
grouting in different soils: a seepage model for gravelly soils and an
erosion model both for sandy soils and clayey soils. For the very
pervious soils (gravels and sandy gravels), Modoni et al. (2006)
presented a seepage model to simulate the phenomenon of soil pore
filling by an injected fluid. In the erosion models for sandy and
clayey soils, the rate of penetration of the fluid jet in the soil and the
duration of jetting action are considered to be important factors
governing the achievable column diameter. In the derivation of the
penetration rate and duration of jetting action, variables such as fluid
properties, flow rate, withdrawal rate, nozzle diameter, and number
of nozzles as well as soil resistance have been considered; however,
the effect of compressed air, rotation speed, and particle size dis-
tribution have been neglected.

Ho (2007) presented a simplified method to estimate the column
diameter, which accounted for several important parameters, such as
jetting pressure, nozzle diameter, and soil-bearing resistance. The
method was limited to the single fluid system and did not consider
the effects of compressed air, particle size distribution, rotation
speed, withdrawal rate, and grout properties.

Diameter of Jet Grout Column

In the process of jet grouting, fluids (grout or water) are jetted into
the ground with high velocities (typically several hundred meters per
second) from small-diameter nozzles fixed on a monitor rotating
at a constant rate. The high velocity fluid jets erode the in situ soil
and mix the eroded soil with grout to form a soil-cement column
[Fig. 1(a)]. If the monitor is stationary with the exit nozzle velocity
held constant, an ultimate erosion distance (x) for any given type of
soil when the injection time is indefinitely long exists [Fig. 1(b)]. In
actual fact, during jet grouting, the injection time would be limited
by the rotation and withdrawal of the monitor, hence resulting in
ashorter erosion distance. Because the diameter of a jet grout column
is related to the ultimate erosion distance and injection time, in this
study, an analytical equation is proposed for estimating the column
diameter as follows:

Do = 2R. = 2nx + D» Q)

where Dy = calculated diameter of column; R, = calculated radius
of column; n = reduction coefficient accounting for the effect of the
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Fig. 1. Schematic view of jet grouting
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injection time; x;, = ultimate erosion distance; and D, = diameter of
monitor. The diameters of monitors commonly adopted in the in-
dustry for single fluid, double fluid, and triple fluid systems are 60,
76, and 90 mm, respectively (Lunardi 1997). In this study, all three
monitor sizes were considered in the analysis.

Ultimate Erosion Distance

In this study, the turbulent kinematic flow theory is utilized to an-
alyze the distribution of fluid velocity after jetting out from the
nozzle (Rajaratnam 1976). Using a similar approach as Modoni et al.
(20006), it is assumed that the properties of the injected fluid are the
same as the surrounding fluid based on the consideration that both
the injected fluid and surrounding fluid are typically suspensions of
cement particles, although some soil particles may also be contained
in the surrounding fluid. As shown in Fig. 2, as fluid with an initial
velocity of vy is ejected from a round nozzle, two flow regions are
developed: (1) initial zone (x = x() and (2) main zone (x > x). In the
initial zone, the maximum velocity of the jet along the nozzle axis
(vimax) Temains constant and is equal to the exit nozzle velocity (vy).
In this study, the influence of the initial zone has been ignored
because the range of the initial zone is very limited when the nozzle
diameters are very small. Within the main zone, the maximum
velocity of the jet along the nozzle axis decreases with distance from
the nozzle based on the following relationship (Rajaratnam 1976):

Vamax _ o 40 (> ) ©)
Vo X

where v,max = maximum velocity of the fluid along the x-direction;
vo = exit velocity of the fluid at the outlet of the nozzle; dy = nozzle
diameter; x = distance from the nozzle (x > xy); and & = attenuation
coefficient, which is related to the characteristics of the fluid.

For a given soil type, when the jets impact onto the surface of the
soil, there is a minimum value of jet velocity that will initiate soil
erosion, herein defined as the critical velocity (v). The critical ve-
locity for soil erosion is related to the properties of the jetting fluid
and erosion resistance of the soil. If the critical velocity (v;) is set
equal to the maximum velocity of the fluid along the nozzle axis in
Eq. (6), the erosion distance x;, can be obtained as
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Fig. 2. Submerged free jet from a round nozzle (data from Rajaratnam
1976)
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Attenuation Coefficient (o)
Conventionally, there are three primary systems used for jet grout-
ing: (1) single fluid (grout), (2) double fluid (air and grout), and
(3) triple fluid (air, grout, and water). In general, the parameter o
describes the degree of attenuation of v,y with distance x. When the
property of fluid jet is altered, o will be different. For jet-grouting
systems, water or grout is used as the jetting fluid. In the case of water
jetting into a water medium, Modoni et al. (2006) evaluated the value
of «,, to be approximately 16 based on the laboratory experimental
data of de Vleeshauwer and Maertens (2000). Shibazaki (2003)
indicated that the attenuation of fluid velocity along the jet axis is
also influenced by the nozzle shape. This effect may be represented
by the relationship «,, = 16A, where A is the shape factor accounting
for the effect of the nozzle shape. In this study, considering the lack
of detailed information of the nozzle configuration, the value of A is
assumed to be 1 for simplicity. This simplification may result in
some uncertainty in the calculated results of «,,, with corresponding
predicted column diameters that may be higher or lower than the
actual value.

In the case of grout as the jetting fluid, the attenuation coefficient
a, can be determined by introducing a parameter B, which reflects
the ratio of the properties of water and grout

Qy

O{g ig (8)

Modoni etal. (2006) suggested that the parameter B can be expressed
as a function of the ratio between the laminar kinematic viscosities of
grout and water. The laminar kinematic viscosity is defined as the
ratio between apparent laminar viscosity and density, hence

B . |Fe/Pe ©
I'Lw/pw

where Mg = apparent laminar viscosity of grout; w,, = apparent
laminar viscosity of water (0.001 Pa $); p, = density of grout; and p,,
= density of water (1,000 kg/m %). In this study, a correlation be-
tween apparent laminar viscosity of grout (u,) and water/cement
ratio by weight (W/C) was derived using regression analysis based
on published data (Raffle and Greenwood 1961; Chen et al. 2003;
Chupin et al. 2003; Rosquoet et al. 2003), as indicated in Fig. 3 and
Eq. (10). The density of grout (p,) can be obtained using Eq. (11),
where p.. and p,, are the density of cement and water, respectively,
and W/C is the water/cement ratio of the grout admixture. The
density of the cement particle may be taken as 3,150 kg /m3

py = 0.007(W/C) 7> (10)

_ pup1+ (W/O) o
£ Pyt p(W/C)
As shown previously, the value of « for different jet-grouting sys-
tems may be determined as follows:
1. Single fluid system: the cutting jet consists of fluid grout, and
the value of «; varies with the water/cement ratio of the grout
mix. In this study, it is assumed that

oy = ag (12)
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2. Double fluid system: the cutting jet consists of fluid grout
surrounded by a compressed air shroud. The interaction be-
tween air, grout, and soil is complex; hence, for all practical
purposes, the effect of compressed air is considered empiri-
cally in this study. The presence of the compressed air shroud
results in an enlargement of the jet grout column diameter, and
the value of a, is greater than that in a single fluid system.
Based on published literature, Fig. 4 shows a comparison of the
column diameters achieved using double and single fluid
systems. As can be seen, the increment of jet grout column
diameter due to the influence of compressed air is from 30 to
90%. To account for the influence of the compressed air,
a dimensionless parameter ¢ is introduced as follows:

ag = oy (13)

The parameter ¢ is related to the pressure of the injected
air (p,). In practice, p, varies within a range of 0.5—1.5 MPa
(Lunardi 1997; Long 2003; Burke 2004). Within this range of
Da, it is proposed that i can be reasonably determined assum-
ing a linear relation (Fig. 5)

_ Pa
y=1 +0.054pmm (14)
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Fig. 3. Variation of apparent laminar viscosity of grout with water-
cement ratio of grout admixture
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Fig. 4.Comparison of column diameters formed using double fluid and
single fluid systems

wherep, = pressure of the injected air; and p,,, = atmospheric
pressure (100 kPa). By varying p, between 0.5 and 1.5 MPa,
the value of ¢ calculated using Eq. (14) ranged from approx-
imately 1.27 to 1.81. Hence, a 30-90% increase in column
diameter is achieved with a variation of 27-81% in air
pressure. Fig. 4 suggests that prediction using Eq. (14) is
reasonable.

3. Triple fluid system: the cutting jet consists of water surrounded
by a compressed air shroud, and «,, is equal to 16. Considering
the effect of the compressed air in a similar way as for the
double fluid system, «; can be estimated using

o = Yay, as)

Based on the consideration that (1) interaction between air, water,
and soil is highly complex and cannot be explained explicitly at
present; (2) experimental data for clarifying the difference in be-
havior of a water jet with and without an air shroud is very limited;
and (3) experimental data for clarifying the difference in behavior of
an air-shrouded water jet and an air-shrouded grout jet is also very
limited, adopting Eq. (14) as a first-order approximation for the air-
shrouded water jet was considered reasonable.

Critical Velocity

Dabbagh et al. (2002) studied the erosion of soil particles by a
continuous water jet using laboratory tests, and proposed the fol-
lowing empirical equation for estimating the critical velocity for soil

erosion:
k
v =B (q—) (16)

Patm

where g, = erosion resistance of soil; py, = atmospheric pressure
(100 kPa); B = characteristic velocity with a value equal to the
critical velocity when the soil resistance is equal to the atmospheric
pressure; and k = dimensionless exponent, with a proposed value of
0.5 based on the laboratory test results and the work of other re-
searchers (Farmer and Attewell 1964).

The characteristic velocity (3) is influenced by the particle size
distribution of the soil. Experimental results from Dabbagh et al.
(2002) indicate that the characteristic velocity (3) in fine-grained
soils increases with increasing content of fine particles less than
75 um in size (M.). Field experience involving jet grouting in

2.0
(1.5, 1.81)

sl w=1+0054Le
’ atm 1
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Fig. 5. Variation of dimensionless parameter ¢ with pressure of
injected compressed air
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different soils also shows that for the same operational parameters
and soil strength, the smaller the soil particles, the smaller the ac-
hievable column diameter. However, there is currently no mean-
ingful expression for B in terms of particle size distribution. In this
study, the content of fine particles less than 75 um in size (M,) and
the average size of the soil particle (Dso) were adopted as parameters
representing the influence of particle size distribution on the char-
acteristic velocity (). In addition, considering that the influence of
M. on B may not be significant for clean sands, a piecewise function
was formulated using M, =5% as the criterion, which is the
maximum content of fine particles in clean sands based on the
Unified Soil Classification System (ASTM 2000). Thus, 8 can be
expressed as a function of M, and Ds as follows:

b
(M b Dso ’ = =
bo (100) <Df ’ S=M=100

B = 17
5\ /Dsp\” 0 5
N =0 =M. =
by (100) (Df> ’

where M. = content of fine particles less than 75 um in size as
a percentage; D5y = average size of the soil particle in millimeters;
and Dy = size of No. 200 sieve (0.075 mm). The characteristic
velocity () in Eq. (17) is expressed in meters per second. The
regression constants by =2.87, by =0.4, and b, = —04 are
obtained by fitting the measured values of 8 reported by Dabbagh
et al. (2002), as shown in Fig. 6.
For each soil type, the approach for determining the erosion re-
sistance (¢,) in Eq. (16) may be different:
1. For clayey soils, g, =2c,, where ¢, = undrained shear
strength; and
2. For sandy soils, g, =27s, where 7; = shear strength of
sand and 7s =c¢' +o'tan¢’, 0’ = normal effective stress,
¢’ = effective cohesion, and ¢’ = effective friction angle.
Based onEgs. (16) and (17), it can be deduced that a larger critical
velocity is necessary to initiate erosion when the soil strength is
higher or when the particle size of the soil is smaller (Fig. 7). The
critical velocity can be used as an indicator for the erodibility of
a soil, where a smaller critical velocity would indicate a more
erodible soil. Egs. (16) and (17) are in good agreement with field
observations that high plasticity clays with significant cohesion are
more difficult to erode than granular soils (Burke 2004).

Exit Velocity
The exit velocity of a fluid jet at the nozzle (vy) is related to the flow
rate of the injected fluid (Q), nozzle diameter (dy), and number of

10
| @ Data from Dabbagh et al. (2002)] 1

= 8 I
£
Q
E
g 4t
B
=
g5 2r
=

O 1 1 1 1

0 2 4 6 8 10

Calculated values of Sby Eq. (18) (m/s)

Fig. 6. Comparison of measured and calculated values of B

nozzles (M). Based on the continuity of flow in the monitor, the exit
velocity (vo) can be obtained as

40
= 18
Vo M7Td(2) (18)

where Q = flow rate of the fluid; and M = number of nozzles on the
monitor.

Reduction Coefficient for Erosion Distance

The erosion distance that can be achieved varies with injection time
and can reach the ultimate erosion distance (x;) if the injection time
is sufficiently long. However, in actual practice, the injection
time depends on the horizontal tangential velocity of the nozzle (v,,)
and the number of passes of the jet (N). The higher the horizontal
tangential velocity of the nozzle (v,,), the shorter the injection time,
and hence the smaller the column diameter (D). Similarly, the
greater the number of passes of the jet (NV), the greater the opportunity
for the soil to be exposed to the jet, and hence the larger the column
diameter (Dy). At present, there is no clear formulation relating the
injection time to v,, and N. In this study, a reduction coefficient (1)
has been applied to the ultimate erosion distance (x), as shown in
Eq. (5), to account for the effect of injection time on the ultimate
erosion distance. The reduction coefficient 7 is expressed as an
empirical function of v,, and N as follows:

ap
1= a (VLO) N (19)

Vi

where v,, = horizontal tangential velocity of the nozzle, which is
governed by the withdrawal rate v, and rotation speed of the rod R;,
as shown in Eq. (20) proposed by Yoshidaetal. (1991); N = number
of passes of the jet, which is determined by the number of nozzles on
the monitor M, the rotation speed Ry, and the withdrawal rate of the
rod v, and the lift step, where AS, is taken as 5 cm in this study, which
is a typical value in practice, as shown in Eq. (21) proposed by
Yoshida et al. (1991); ap = correction factor corresponding to
the horizontal tangential velocity of the nozzle v, =0.071 m/s,
which is calculated based on R; = 15 rpm, v, = 30 cm/min, and
D, =90 mm; and a; and a, = empirical parameters

Vi = (77'R5Dr)2 +v?2 (20)
25
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Fig. 7. Variation of critical velocity (v, ) with erosion resistance of soil
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Based on a series of laboratory tests for soft soil cutting by water jets,
Yoshida et al. (1991) indicated that the value of a; and a, was
approximately 0.14 and 0.2, respectively. A value of ay = 0.09 was
obtained in this study based on curve fitting the field data reported by
Croce and Flora (1998), Durgunoglu et al. (2003), and Nikbakhtan
and Osanloo (2009). The correction factor ag varies with v,,o so that
ag and v,,0 must be defined as a pair.

From Egs. (5) and (19), it can be seen that for a given D,, x;,, and
Ry, a different withdrawal rate (v;) produces a different reduction
coefficient (1), which will result in a different column diameter (D).
Fig. 8 shows the normalized relationship between the reduction
coefficient (n) and withdrawal rate (v,), where v is taken as 30 cm/
min and 77, = 0.06 is calculated using R; = 15 rpm, v; = 30 cm/min,
D, =90 mm, M =1, and AS, =5 cm. Based on the field trial data
reported by Malinin et al. (2010) involving the investigation of
withdrawal rate on column diameter for different rotation speeds, it
can be seen that the empirical relationship given by Eq. (19) is in
reasonable agreement with the field results. Fig. 8 also shows that for
a given withdrawal rate (v;), the value of n changes very little with
variation in rotation speed (Ry). The value of 7 calculated by varying
R, between 5 and 30 rpm differs only by approximately 10%. This is
consistent with the common practice in jet grouting of increas-
ing rotation speed to improve the uniformity of columns but not to
enlarge the column diameter.

Application to Case Histories with Different Jet-
Grouting Systems

The proposed method is applied to four case histories from pub-
lished literature:

1. Case A: Croce and Flora (1998) presented a case history of the
single fluid system, which involved a field test of seven jet
grout columns at a depth of 10 m in a deposit of pyroclastic
silty sand. The test site is located at the foothill of Mount
Vesuvius, near Naples, Italy. The mean value of the friction
angle ¢’ and cohesion ¢’, derived from drained triaxial tests,
was approximately 35° and 55 kPa, respectively. The unit
weight of soil y, was approximately 18 kN/ m’. The content of
fine particles less than 75 wm in size ranged from 10 to 30%.
The average size of the soil particles (Ds) was approximately
0.112 mm.

2. Case B: Durgunoglu et al. (2003) reported a jet-grouting field
trial using a double fluid system located in Izmir, Turkey. Four
jet grout columns were installed to investigate the effect of
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Fig. 8. Normalized relationship between reduction coefficient (n) and
withdrawal rate (vy)

operational parameters on the diameter and uniformity of the
column in this field trial. The undrained shear strength and the
fines content of the soil were approximately 50 kPa and 35%,
respectively. The average size of the soil particles (Dsg) was
approximately 0.080 mm.

3. Case C: Nikbakhtan and Osanloo (2009) reported a case history
involving the field trial of six jet grout columns in clay conducted
at the Shahriar Dam in Iran. The jet grouting columns in this field
trial were formed by using a triple fluid system. The purpose of
the trial was to obtain the most appropriate operational param-
eters for jet grouting of the soils. The unconfined compressive
strength, liquid limit, and plasticity index of the in situ soils
were assessed to be 50 kPa, 45%, and 20, respectively. The
fines content of the soils and average size of the soil particles
(Dso) were approximately 90% and 0.023 mm, respectively.

4. Case D: Shen et al. (2009b) described a field test located along
the west bank of the Huangpu River in Shanghai, China, for
confirming the efficacy of an enhanced triple fluid system. By
allowing the soils to be cut twice, first by the upper water jet and
then by the lower grout jet, much larger column diameters can be
achieved. Three test columns 40 m in length (C1, C2, and C3)
were installed using the enhanced triple fluid system in the field
trial (Fig. 9). Fig. 10 shows the geotechnical profile and soil
properties at the test site. The subsoil profile was generally
stratified and consisted of backfill from 0.0 to 7.6 m, clayey silt
from 7.6 to 15.6 m, soft clay from 15.6 to 25.4 m, stiff silty clay
from 25.4 to 29.6 m, sandy silt from 29.6 to 37.5 m, and silty
sand below a depth of 37.5 m. More details on the soil properties
can be found in previous publications (Xu et al. 2009; Shen and
Xu2011; Tan and Wei 2012). The natural water content of these
soils ranged from 20 to 50%, and the unit weight of soils ranged
from 16.9 to 19 kNm®. The undrained shear strength (c,) and
drained friction angle (¢") were determined from the standard
penetration test (SPT) blow counts using Egs. (22) (Stroud
1974) and (23) (Hatanaka and Uchida 1996)

cu(kPa) = (4.410 6)Nspr (22)

(%) = [20-DSPT_ 4 09 23)

\Vo,/98

where o, = effective overburden pressure expressed in kilopascals.
Fig. 11 shows the particle size distribution at the test site, which
indicates that the content of fine particle less than 75 wm in size is
approximately 91.5, 99, 98, 54.6, and 29.2% for clayey silt, soft clay,
stiff silty clay, sandy silt, and silty sand, respectively. Fig. 12 shows
the column diameters of test columns measured at the different
depths after excavation.

Diaphragm wall

185.5m
Note: Drawing is not to scale

Fig. 9. Layout of three positions of test columns in Case D (data from
Shen et al. 2009b)
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Fig. 11. Particle-size distribution of soils in Case D

Table 1 summarizes the jet-grouting parameters and average mea-
sured diameters of Cases A, B, and C for conventional jet grouting
using single, double, and triple fluid systems, respectively. Predictions
of column diameters were made using the relationships developed in
this paper, and Fig. 13 compares the results for these three cases. As can
be seen, the calculated and measured results are in good agreement.

In the case of the enhanced triple fluid system, the soil is first cut
by the upper water jet and then by the lower grout jet during with-
drawal of the rod. The calculation of the column diameter can be
carried out in two stages. The column diameter (D,,o) achieved with
the water jet is first calculated using the proposed method in this
study followed by the determination of the additional erosion dis-
tance (L) achieved with the grout jet. A parameter, F, defined as the
ratio of L, to D,,0, is introduced for evaluating the additional effect of
the grout jet. The column diameters for the enhanced triple fluid
system are therefore expressed as follows:

DO:DWO+Lg:(1+F)DW0 (24)

Table 2 summarizes the jet parameters for three test columns using
the enhanced triple fluid system in Case D (Shen et al. 2009b).

Measured diameters (m) Three
4

0 . - ) RIP columns
0 = St
-10F L

™ A
20} A

C3 L

Fig. 12. Measured diameters for test columns in Case D (data from
Shen et al. 2009b)

Fig. 14 shows a comparison of the calculated and measured diameters.
As can be seen, the value of F' varied between 0 and 0.81, with an
average value of approximately 0.36. This implies that in comparison
with the conventional triple fluid system, the column diameter ob-
tained using the enhanced triple fluid system may be substantially
increased in some cases or may not be increased at all in others.

Conclusions

This paper presents a generalized approach for predicting the di-
ameter of jet grout columns based on the theoretical framework of
turbulent kinematic flow and soil erosion. Based on the results of
this study, the following concluding remarks are presented:

1. The proposed calculation method is a semitheoretical ap-
proach, in which the basic theoretical framework is turbulent
kinematic flow and soil erosion, with some parameters deter-
mined empirically. The method is applicable to all jet-grouting
systems, including the application of a compressed air shroud.

2. The proposed method takes into account all the operatio-
nal parameters including the number of nozzles, diameter of
nozzles, flow rate of injected fluids, properties of injected
fluids, rotation speed, and withdrawal rate, as well as the soil
properties, i.e., soil resistance and particle size distribution.

3. It was demonstrated that the presence of a compressed air
shroud in double and triple fluid systems could enhance the
diameter of jet grout columns by approximately 27-81% for
the typical air pressure range of 0.5—1.5 MPa. In the case of the
enhanced triple fluid system, the secondary cutting action of
the high-pressure grout jet can increase the jet grout column
diameter further by 36% on average.

4. The proposed method provides a means for evaluating soil
erodibility in a quantitative manner by incorporating the effects
of soil resistance and particle size distribution. It was shown that
soils with higher strength or smaller particle size are associated
with a higher critical velocity and are more difficult to erode.

5. The new equations presented account for the effect of injection
time on erosion distance. It was shown that the influence of
rotation speed on jet grout column diameter was not signif-
icant, which was consistent with field experience that increas-
ing the rotation speed only improves the uniformity of column
in situ soil mixing but not the diameter.

6. The proposed method was applied to four case histories in-
volving different jet-grouting systems: single fluid, double
fluid, triple fluid, and an enhanced triple fluid system. Com-
parison between calculated and measured diameters indicated
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Table 1. Jet-Grouting Parameters and Measured Column Diameters from Field Trials Using Conventional Single, Double, and Triple Fluid Systems

Operational parameters Measured
Column average

Case number M dy (1073 m) p, (MPa) Q, (1073 m*/s) W/C p, (MPa) p,, (MPa) Q,, (1073 m3/s) R, (rpm) v, (1073 m/s) diameter (m)
A (single 1 2 2.0 45 1.38 1 — — — 15 5.71 0.66
fluid system)* 2 1 3.8 45 2.5 1 — — — 75 5.0 0.96

3 2 2.6 45 2.35 1 — — — 15 6.67 0.75

4 1 3.8 45 2.5 1 — — — 11 5.0 0.97

5 2 2.6 45 2.35 1 — — — 10 6.67 0.71

6 1 3.8 45 2.5 1 — — — 6 4.0 1.11

7 1 3.8 45 2.5 1 — — — 9 4.0 0.95
B (double 1 2 2.5 40 2.25 1 1 — — 20 11.2 0.95
fluid system)® 2 2 2.5 45 2.29 1.2 1 — — 20 10.5 1.1

3 2 25 40 2.19 1 1 — — 20 9.33 1.05

4 2 25 40 2.25 1 1 — — 20 11.2 1.1
C (triple 1 2 1.7 0.3-0.5 1.33 1 0.7 35 1.07 7.5 1.25 1.15
fluid system)® 2 2 1.7 0.4-0.5 2.08 1 0.7 40 1.2 5 0.83 1.35

3 2 1.7 1.5-2.0 1.75 0.7 0.7 40 1.25 5 0.83 1.03

4 2 1.7 0.8-1.5 2.17 1 0.7 40 1.33 7 1.17 1.47

5 2 1.7 1.5-1.6 2.5 1 0.7 35 1.13 5 0.83 1.23

6 2 1.7 0.3-0.6 1.5 1 0.7 40 1.25 7.5 1.25 1.09

Note: A = Vesuvius, Italy; B = Izmir, Turkey; C = Shahriar Dam, Iran; dy = diameter of nozzles; M = number of nozzles; p, = air pressure; p, = grout pressure;
pw = water pressure; Q, = flow rate of grout; Q,, = flow rate of water; R, = rotation speed; v, = withdrawal rate of monitor; W/C = water/cement ratio by weight.

aCroce and Flora (1998).
"Durgunoglu et al. (2003).
“Nikbakhtan and Osanloo (2009).

m  Single (Case A: Croce and Flora, 1998)
® Double (Case B: Durgunoglu et al., 2003)
A Triple (Case C: Nikbakhtan and Osanloo, 2009)
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Fig. 13. Comparison of measured and calculated diameters for three
different jet-grouting systems (Cases A, B, and C)

Table 2. Jet-Grouting Parameters Used in Case D

Range
Operational parameters Cl1 C2 C3
pw (MPa) 35 35 38
0, (L/min) 75 75 75
pa (MPa) 0.5 0.6 0.7
W/C (0-30 m deep) 1:1
W/C(>30m) 0.9:1
e (MPa) 20 30 40
Q, (L/min) (0-30 m deep) 80 90 95
Q, (L/min)(>30m) 70 90 80
M 2 2 2
vs (cm/min) (0-30 m deep) 4.0 5.0 6.0
vs(cm/min) (> 30 m) 4.0 4.5 5.0
Ry (rpm) 5 6 7
dp (mm) 1.7 1.7 1.7

4
Case D: Shen et al., 2009b | /41.33 .
7
£ 3l R
S F=081 //
E'\ \/ A . /1 .74
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Fig. 14. Comparison of measured and calculated diameters for en-
hanced triple fluid system (Case D)

that the proposed method can produce a reasonable prediction
of the jet grout column diameters.
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Notation

The following symbols are used in this paper:
B = coefficient accounting for the difference of the
characteristic between water and grout;
Dy = size of No. 200 sieve (75 um);
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= diameter of monitor;
Dy = calculated diameter of column;
Dsy = average size of soil particle;
do = nozzle diameter;
M = number of nozzles on the monitor;
M, = content of particle (<75 um) in soils;
N = number of passes of the jet;
Pa> Pw» Pg = jetting pressure of air, water, and grout;
po = presiding pressure at nozzle outlet;
Qg, O,y = flow rate of grout and water;
gy, = ultimate bearing resistance of soil;
g, = erosion resistance of soil;
R, = rotation speed of the rod;
t* = duration of action of the jet on soil;
V. = penetration rate of the fluid jet in soil;
vy, = critical velocity producing soil erosion;
vin = horizontal tangential velocity of nozzle;
v, = withdrawal rate of the rod;
vimax = Vvelocity of jetting fluid along jet axis;
vo = exit velocity of jetting fluid at nozzle;
x = distance from nozzle;
x; = ultimate erosion distance;
oy, g, o = attenuation coefficient for single, double, and
triple fluid system;
a,, a, = attenuation coefficient for the water jet and grout
jet;
B = characteristic velocity;
1 = reduction coefficient on ultimate erosion
distance;
Mys M = apparent laminar viscosity of water and
grout;
Pws Pg> P, = density of water, grout, and cement; and
iy = coefficient accounting for the enhancement
of jet gout column diameter due to compressed
air.
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