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ABSTRACT
In this study, a real-time grouting management system based on the clogging
theory was established to manage injection procedure in real time. This system is
capable of estimating hydraulic permeability with the passage of time as the grout
permeates through the ground, and therefore, capable of estimating real time injection
distance and flow rate. By adopting the Controlled Injection Pressure (CoIP) model, it
was feasible to predict the grout permeation status with the elapse of time by
consecutively updating the hydraulic gradient and flow rate estimated from a clogginginduced alteration of pore volume. Moreover, a method to estimate the volume of the
fractured gap according to the reduction in injection pressure was proposed. The
validity of the proposed system was successfully established by comparing the
estimated values with the measured field data.
1. INTRODUCTION
Owing to the advancement in technology and increasing globalization, human
migration and transportation of goods are becoming more and more popular.
Accordingly, the necessity for the construction of underwater tunnels, a means of
transportation by which people and goods can be shifted from one continent to an
island and/or another continent without being affected by weather, is increasing.
Additionally, the requirement for an efficient design of subway lines undercrossing
rivers is also increasing. One of the most fundamental technologies required for the
safe construction of such underwater tunnels is the grouting method. Safe excavation is
feasible only when the permeability coefficient is adequately controlled in the event of
encountering soft ground (a soil condition with large permeability coefficients) during
tunnel driving. Proper grouting regulation is essential in case of underwater tunnels;
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improper regulation of grouting pressure is likely to cause a risky situation wherein
hydraulic fracturing occurs in the ground.
Among grouting methods, cement-based grouting is the most widely used
worldwide. Recent advances in computer technology has resulted in continuous
advancement of injection theory and equipment and development of advanced grouting
management method. For example, grouting work can at present be monitored in real
time using computers. Another example is where a grout injection control scheme has
been studied in which the grout is injected into a rock bed using the characteristics of a
Bingham fluid (Kobayashi et al. 2008).
However, according to a recent study, a fluid such as cement milk behaves as a
Newtonian fluid when the water-to-cement (w/c) ratio is high (i.e., w/c ≥ 1.25) and as a
Bingham fluid or a power-law fluid when the ratio is low (i.e., w/c < 1.25) (Yang, et al.,
2011). To achieve permeation grouting through soils, a high value of w/c ratio, for e.g.,
w/c > 1.5, is generally selected in practice. Then, the grout material behaves as a
Newtonian fluid; recent study verified that the clogging phenomenon, rather than the
yield stress, fulfills a key function in the regulation of penetration characteristics in the
case of permeation grouting with a Newtonian fluid (Axelsson et al. 2009). Accordingly,
in this study, a real time grouting management system that applies to soils using a
Newtonian fluid was established on the basis of clogging theory. It is feasible to predict
the flow rate and injection pressure in real time with the developed system; moreover, a
method to predict and manage fracturing injection that is likely to occur unexpectedly
during permeation grouting, was presented.
2. REAL-TIME GROUTING MANAGEMENT SYSTEM
2.1 Overview of extant method
Kim et al. (2009) proposed a step-wise numerical calculation (SWNC) method for
analyzing permeation grouting of soils on the basis of clogging theory (see Fig. 1).
Using the SWNC model, the time required to inject grout till unit penetration distance
(Δr) can be obtained using updated value of the porosity of the ground, which varies
owing to the clogging phenomenon of the grout, and that of the permeability coefficient.
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Fig. 1 Analytical model for permeation grouting with variable
(Kim et al. 2009)

and constant

Grout material is assumed to penetrate into the ground spherically as illustrated in
Fig. 1, and the penetration model is described using spherical shells of width
. In this
condition, the injection volume required for penetration up to between
and
is
expressed by Eq. (1):

where
is the porosity of the ground, and
is the time required for the grout
particles to advance from
to . Based on Darcy’s law, the injection volume can
also be expressed, in the following form:
̅
where
is the permeability coefficient of the grout penetrating into the ground pores,
is the hydraulic gradient, and ̅ is the average cross-sectional area between
and
. If
is sufficiently small, the average cross-sectional area ̅ can be
expressed as follows:
̅
By combining Eqs. (1) through (3),

can be expressed as follows:

where
is the intrinsic permeability coefficient of the ground;
is the unit weight
of the grout; and
is the grout viscosity, which is a function of time
, the time
th
required to inject up to (
) shell. Equation (4) can be used to calculate the time
required for the grout to pass through a shell of width
.
It is noteworthy that the time interval displayed in Eq. (4) can be expressed in a more
general form as follows by combining Eqs. (1) and (2) and incorporating time step:

where the subscripts and denote the sequence of radial spaces and time step,
respectively, and is ≤ .
is the initial porosity of the ground,
is the last shell
volume (between
and ) at time step (i.e.,
),
is the grout viscosity
between
and
at time step , and
is the intrinsic permeability
coefficient between
and
at time step .

2.2 Proposed method
In this study, Eq. (5) is modified for use in the development of a real time grouting
monitoring system that can reflect the variations of injection pressure in real time. The
shell volume between
and
at time step can be expressed as follows:

where
is unit time (1 s), is the hydraulic gradient calculated from the injection
pressure measured in real time when passing through
and
at time step . The
hydraulic gradient, can be obtained by:

∑
where
is the measured injection pressure,
∑
is the penetration distance until time step
distance per unit time (=
), illustrated in Fig. 2.

is the unit weight of water,
, and
is the penetration
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Fig. 2 Modified permeation grouting model with variable

and constant

To estimate
, the injected flow volume per unit time is to be calculated first.
The shells of thickness
are placed consecutively, and then, the flow volume
through each shell is ensured to be equal. Accordingly, the smallest injection volume
among the calculated injection volumes that can pass through each shell in unit time
governs the system. The last shell volume at time step j can be obtained as follows:
(
The fluid volume passing through the shell between
could be obtained as follows:

)
and

at time step

(

)

From the above equation, the total penetration distances at times
and
obtained; these distances are expressed by Eqs. (10) and (11), respectively:

Then,

√

∑

√

∑

are

can be obtained by subtracting Eq. (10) from Eq. (11):

The injection volume per unit time,
, obtained from Eq. (9) is also referred to as the
flow rate and is the core parameter to be obtained using the real time grouting
management system presented in this paper. Predicted
values are compared with
flow rate values (
measured in real time to assess the grouting injection
status.
2.3 Clogging theory
Clogging phenomenon that occurs in the pores of the ground is to be considered
in a real time grouting management system; it reduces the porosity of the ground during
grout injection and eventually results in decrease of the permeability coefficient. In
permeation grouting that uses cement with a high w/c ratio as a grout material and
does not use cement-based accelerator, the variation in viscosity with time is not
significant, and the groutability is largely regulated by the clogging phenomenon.
Adsorption and/or deposition of grout particles in pores in saturated ground was
studied by Ives (1982), Payatakes et al. (1980), and Gruesbeck and Collins (1982).
Finally, Kim et al. (2009) summarized the deposition model of grout particles.
Deposition amount in soil pores can be expressed as follows:
∫
[

]

where
is the mass of the deposited particles per unit pore volume,
is the radial
distance of an arbitrary point from the injection hole,
is the radius of the injection
hole, is an arbitrary point in time,
is the deposition coefficient,
is the radial
pore velocity, and
is the initial concentration of the grout. The parameter
is a
function of the pore velocity and is expressed as follows (Reddi et al. 1997):

[

]

where m is the logarithmic mean of the pore radii, b is the logarithmic standard
deviation of the pore radii, a is the radius of the grout particle,
is the effective length
of the pore tube (
= 0.911 cm, suggested by Arya and Dierolf (1989)), and
is a
lumped parameter. All the parameters in Eq. (14) apart from the pore velocity ( ) are
related to either the ground or grout. Based on Eq. (9), the pore velocity can be
expressed as follows:

Substituting Eqs. (14) and (15) in Eq. (13), the deposited amount at
can be expressed as follows:
(

at a unit time

)

Then, the total deposited amount can be obtained by summation of Eq. (16) as follows:

∑
where
is the mass of the grout deposited into the pores until time step . The
porosity at time step
can then be deduced as follows:

where
is the initial porosity, and
is the specific gravity of the grout. The
permeability coefficient at time step
can then be updated using the updated
value of the porosity based on the Kozeny-Carman equation, as follows:

Then, the shell volume that can pass through
and
at time step
can be
estimated by applying the updated porosity and permeability coefficient as follows:

The algorithm of the real time grouting management system based on clogging
theory is illustrated in Fig. 3. The algorithm specifies the procedure for calculating the
injection volume using updated values of porosity and permeability coefficient which
vary as a result of clogging phenomenon. Then, it is feasible to assess the
effectiveness of the injection work by comparing the injection volume calculated using
the algorithm with that measured in real time. Finally, when the penetration distance
exceeds the designed value, injection could be stopped.
START

j=1 and i=1 to j

j=j+1

Calculate injection volume at time step j
Eq. (6) – (9)
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Fig. 3 Algorithm of real time grouting management system
2.4 Main features of the proposed system
2.4.1 Estimation of flow rate and penetration distance in real time
The injection volume per unit time can be estimated using Eq. (9). It was feasible
to assess the injection status in real time by comparing the estimated injection volume
per unit time with the flow rate measured during the grout injection. The criteria for
assessment are presented in Table 1.
Table 1 Criteria for assessing the grout penetration status
Flow rate

Injection pressure

Status

increasing
tendency

adequately injected

increasing
tendency

adequately injected; however, likely to
be influenced by heterogeneity of the
ground

decreasing
tendency

fracturing occurs

The penetration distance of the grout can also be estimated in real time from Eq. (11). If
the penetration distance attains the designed value, it can serve as the stop criteria.
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2.4.2 Injection pressure estimation in real time
Grout injection methods can be classified as constant injection pressure (CIP)
method, constant injection volume (CIV) method, and controlled injection pressure
(CoIP) method (please see Fig. 4). While constant values of pressure or volume are
maintained all through till the end in the constant injection pressure method or the
constant injection volume method, respectively, in the controlled injection pressure
method, the injection pressure is always regulated such that it ranges between Pmin and
Pmax; here, Pmin is the minimum pressure that enables grout penetration, and Pmax is the
upper bound pressure required for preventing fracture. These bound values are
obtained in advance from preliminary test using water as a fluid. The main drawback of
the constant injection volume method is that as constant flow rate is applied all through,
it is not feasible to identify and prevent fracturing of the ground during grout injection in
the field. Therefore, controlled injection pressure (CoIP) method is generally adopted in
practice in case of permeation grouting.
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Fig. 4 Examples of three grout injection methods
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Accordingly, in this study, the CoIP model, which is generally used for permeation
grouting, is adopted. The present authors intend to predict the grouting status at a
designated time by estimating the flow rate as well as the injection pressure. The
methodology for estimating the injection volume was adequately explained in sections
2.2 and 2.3; this section describes the methodology for predicting injection pressure.
In order to estimate the injection pressure, it is necessary to estimate the
hydraulic gradient. From Eq. (4), the hydraulic gradient can be expressed as:

According to Eq. (21), the hydraulic gradient is proportional to the viscosity of the grout
and porosity, and inversely proportional to the permeability coefficient. Figure 5 plots
the results of the parametric study, wherein the value of
, (see Eq. (21)) is
compared with the porosity value. Although both the permeability coefficient and
porosity decrease owing to clogging phenomenon during grout injection, Fig. 5 clearly
illustrates that the decreasing tendency of the permeability coefficient is more

significant than that of the porosity; it implies that the hydraulic gradient increases with
time, mainly because of the clogging phenomenon.
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Fig. 5 Porosity/Permeability Coefficient vs. Porosity
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The reduction in pressure at a designated time and location can be estimated as
follows by using the hydraulic gradient obtained in Eq. (21):

Equation (22) is used to calculate the reduced pressure as the grout passes through a
shell
; this implies that this parameter is the pressure reduction in one shell; the
pressure reduction when the grout passes through the entire area up to the time step
is expressed as follows:

∑
In order to ensure grout penetration into an additional shell, an injection pressure
higher than that calculated by Eq. (23) is required, and the equation used to predict the
injection pressure at time step
is as follows:

To obtain the pressure required for injection into the (
)th shell (
), the
injection volume per unit time as well as the
value is to be determined in
advance. However, as the injection pressure as well as injection volume per unit time
varies with time in the CoIP model, it is not feasible to determine the value of

in advance; i.e., it is necessary to assume the injection volume per unit time and use
trial-and-error method to obtain the value of
. This method will be explained in
detail in Chapter 4 using actual measured data at job sites.
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2.4.3 Permeability coefficient estimation in real time
The most critical feature of the proposed system, which distinguishes it from
existing grouting management systems, is that it is capable of estimating the
permeability coefficient at any location in real time. In general, a requirement for
additional injection is identified by measuring the permeability coefficient after the
completion of initial injection and comparing this value with the initial value. However, if
the permeability coefficient could be estimated in real time, a number of additional
injections could be averted by terminating the injection when the estimated permeability
coefficient attains the designed value. An example of analysis result of permeability
coefficient with elapse of time, estimated using the proposed algorithm, is illustrated in
Fig. 6.
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Fig. 6 Example of permeability coefficient variation in real time
(K0 = 3.38 × 10-3 cm/s, designed grouting radius = 50 cm)
3. FRACTURING AND FRACTURED VOLUME ESTIMATION
Ground fractures can occur without warning during grouting work even in
permeation grouting; this is mainly owing to the heterogeneity of the ground. In such a
case, injected grout material is mostly used to fill the fractured gap rather than for
permeation through the ground. Wang et al. (2016) reported in their study that
compaction grouting is dominant in low pressure grouting irrespective of the w/c ratio,
and, in high pressure grouting, the likelihood of a fracture occurrence increases with the
increase of the w/c ratio. Yun et al. (2016) also theoretically and experimentally
established that a fracture is likely to occur when the injection pressure exceeds 120%
of the overburden pressure; they presented an equation for estimating the length and
thickness of the fractured gap. These two studies established that the likelihood of
occurrence of a fracture increases when grout material with high w/c ratio is used.
In general, if ground fracturing occurs during grout injection, the injection pressure
drops temporarily with the opening of a new gap in the ground, and the injection

volume abruptly increases to fill the crack. The present authors investigated the
relationship between the pressure reduction and fracture gap volume by utilizing the
field data from two grouting job sites; 13 injection holes were analyzed to formulate the
relationship between the two parameters.
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3.1 Define pressure reduction and injection volume for fracture
A majority of injection equipment contains a pressure pump, and owing to its
characteristics, pulsation and/or fluctuation in injection pressure always occur.
Regardless of this fluctuation, occurrence of fracture during the grout injection can be
predicted effectively by observing the injection pressure and flow rate in real time. If the
injection pressure drops significantly (significantly exceeding the regular pressure
fluctuation) along with the abrupt increase of the flow rate, the occurrence of fractures
can be conveniently notified. For example, the decrease of the injection pressure as
well as increase of the flow rate at time
can be observed in Fig. 7; a fracture initiates
at , and the flow rate increase significantly to fill the fractured gap until time , when
the reduced injection pressure is recovered.
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Fig. 7 Occurrence of fracture during permeation grouting
It can be observed that the injection pressure (dotted line) has decreased at
approximately
and recovered at
; the variation between the maximum and
minimum values of the injection pressure between
and
is defined as the
pressure reduction. The volume of the fractured gap, as illustrated in the schematic in
Fig. 8, can be obtained by the following:
∫
where
is the volume of the fractured gap to be filled in by the grout (defined
as the injection volume for fracture),
is the time at which the pressure starts to
decrease,
is the time at which the pressure is completely recovered,
is
the measured flow rate, and
is the flow rate at .
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Fig. 8 Conceptual diagram of the shape of the fractured gap
3.2 Relationship between pressure reduction and injection volume for fracture
Grout monitoring data were collected from the two job sites, K site and D site,
where permeation grouting works were conducted to minimize the water leakage near a
reservoir. The ground conditions of the two sites are presented in Fig. 9. Weathered
soil is in the upper layer, and weathered rock and/or soft rock ground is distributed in
the lower layers. The grouting work was carried out for the weathered soil layer, and
the permeability coefficients of the weathered soil in both of the sites are in the range
10-4–10-3 cm/s.
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Fig. 9 Geological conditions of the sites
By analyzing the monitoring data, the occurrence of fractures was identified at
seven locations and/or times; the pressure reduction and injection volume for fracture
was obtained at each fracture; the results are summarized in Table 2.
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Table 2 Pressure reduction and injection volume for each fracture
Pressure
Injection volume
Pressure
Injection volume
Site
reduction
for fracture
reduction
for fracture
3
[kPa]
[cm ]
[kPa]
[cm3]
150
1428
240
3016
K
150
1703
260
2561
site
220
3150
40
258
30
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40
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D
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Fig. 10 Relationship between pressure reduction and injection volume for
fracture
The relationship between the measured pressure reduction and injection volume to fill
the fractured gap is plotted in Fig. 10 using the data presented in Table 2. Figure 10
illustrates that the two variables exhibit a proportional linear relationship, and the
correlation coefficient was significantly high (0.83). Then, an empirical formula was
proposed in this study as follows:

where
is the pressure reduction. Using Eq. (26), it is feasible to estimate the
volume of the grout that is required to fill the fractured gap in the event that fracture
occurs during the permeation grouting work.
4. A CASE STUDY
4.1 Input parameters
The grouting management system proposed in this study was analyzed and
verified using the monitoring data gathered from the K site among the two job sites

mentioned above. Input parameters of the weathered granite soil at K site as well as
those of the grout material are summarized in Table 3.
Table 3. Input parameters of ground and grout (K site)
Ground parameters
Grout parameters
3
m [-]
-2.306
c0 [g/cm ]
1.2
b [-]
1.410
γg [t/m3]
1.255
K [cm/s]
1.195 × 10-3
Gg [-]
3.0
2
-3
n [-]
0.3
μg(t) [10 Pa∙s] 0.00094 × t + 0.142 × t + 58.97
θ [-]
6.5
a [mm]
0.011
Monitoring data were collected at weathered granite soil layer with 7–10 m depth; at
both the sites, the granite soil layers are located below the groundwater level and are
completely saturated. The w/c ratio of the grout was 1.3, and grout work was conducted
without using hardening accelerator. The permeability coefficient presented in Table 3
is significantly higher than the average permeability coefficient of general weathered
granite soil,
10-6–10-5 cm/s. As the site has been in a condition wherein extensive
leakage of groundwater has occurred and a flow channel is formed, the permeability
coefficient was as high as 1.195 × 10-3 cm/s.
The measured injection pressure and flow rate data monitored during grout
injection are presented in Fig. 11. Except for the instant of fracture occurrence, the flow
rate decreases, and the injection pressure exhibits an increasing trend with time as
illustrated in Fig. 11.
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Fig. 11 Grout monitoring data measured in real time (K site)
4.2 Flow rate estimation
The flow rate was predicted utilizing the proposed system and using the injection
pressure as the input data; then, the predicted value was compared with the measured
one presented in Fig. 12(a). Because of fluctuation of the measured injection pressure
(which was used as the input data), the predicted flow rate also exhibited fluctuations
compared to the measured one; however, the two curves matched reasonably well
except at two instants, at sections A and B (see Fig. 12(a)).

Flow rate [L/min]

20
Measured value

A

15

Predicted value

B

10
5
0
0

5

10

15

20

25

Injection time [min]

(a) Analysis result considering clogging phenomenon
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(b) Analysis result without considering clogging phenomenon
Fig. 12 Comparison of flow rate predicted by the proposed system with measured flow
rate
The sections where the predicted values and measured values varied significantly
were the following:
•

•

Section A: Here, the pressure exhibits a continuously increasing trend (see Fig.
11) in the relevant section, and the predicted flow rate is larger than the
measured flow rate. As defined in Table 1, in this case, the ground condition in
Section A may have higher density and lower porosity than other areas owing to
heterogeneity of the ground.
Section B: Here, the pressure decreases, and the predicted flow rate and
measured flow rate display opposite trends. From Table 1, it can be observed
that a fracture has occurred in the ground and that several fractures have
occurred continuously after a large fracture occurred at approximately 17 min.

Section B of Fig. 12(a) was modified to take into account the increase of the
injection volume for fracture based on Eq. (26); the modified curves are illustrated in Fig.
13. It can be observed that consistency between the two curves is high with the
inclusion of additional injection volume to fill the fractured gap.
As mentioned in section 2.3, the main characteristics of the proposed real time
grouting management system is that the clogging phenomenon is taken into account.
For comparison, the flow rate is predicted without considering the clogging
phenomenon, and the results are illustrated In Fig. 12(b). Figure 12(b) clearly
demonstrates that the deviation between the predicted and measured value is

significant; it is not capable of predicting the decreasing tendency of the flow rate as the
clogging effect was not taken into consideration.
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Fig. 13 Flow rate estimation taking into account injection volume for fracture
4.3 Injection pressure estimation
As mentioned earlier in Chapter 2, when the CoIP model is adopted to predict the
injection pressure at a location for a designated period of time, it is essential to assume
the injection volume per unit time in advance. In the present study, it is proposed to
assume the injection volume per unit time by extrapolating the trend of the flow rate
measured in the past. Figure 14 is an example of extrapolating the flow rate trend for
the subsequent 5 min utilizing the trend for the past 5 min.
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(a) Extrapolation for 5–10 min
(b) Extrapolation for 10–15 min
Fig. 14 Flow rate assumption using extrapolation scheme
Using this extrapolation technique, the predicted injection pressure was plotted in Fig.
15 along with the one measured in real time. The figure illustrates that the predicted
injection pressure and measured injection pressure matches reasonably. This indicated
that the grout injection at the job site was functioning adequately with no anomalies in
the ground, and it also verified that the method of predicting the injection pressure by
extrapolating the flow rate utilizing those values at intervals of 5 min is also valid. The
predicted result of the injection pressure illustrated in Fig. 15 can be used to predict the
feasibility of ground fractures by comparing the predicted injection pressure to the
critical injection pressure (Pmax value) during grouting work. Predetermined Pmax value
obtained from the preliminary test using water as a fluid was 5 bar; a fracture is highly

Injection pressure [102 kPa]

likely to occur when Pmax increases above this value. Figure 15 illustrates that
occurrence of fracture is feasible at 10 min or beyond from the start of the injection;
moreover, it can be observed that a fracture actually occurred 17 min after the injection
started.
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Fig. 15 Injection pressure prediction result
4.4 Injected bulb radius (penetration distance) estimation
In the case of spherical penetration, the volume of the injected grout bulb can be
obtained by integrating the injected flow rate over the whole injection period. If the main
purpose of the grouting is to increase the strength of the ground, this can be achieved
by stiffening the ground notwithstanding the occurrence of fractures during permeation
grouting. However, if the main purpose is water cutoff rather than strengthening the
ground, the radius of the grout bulb penetrated into the ground (penetration distance) is
even more critical in assessing the quality of the grouting work. If the diameter of the
grout bulb is significantly decreased owing to frequent occurrence of fractures, the
radius of the grout bulb is likely to be inadequate to form a cutoff wall.
Figure 16 depicts a case history where numerous fractured injection incidents
have occurred during grouting work at the same job site. In such a case, if the grout
bulb is straightforwardly calculated using only the injected volume of the grout, it is
overestimated. The injection volumes to fill the fractured gaps were calculated using Eq.
(25) and are summarized in Table 4; the radius of the spherical penetration considering
the effect of the fractures is presented in Fig. 17(b) for comparison with that presented
in Fig. 17(a), in which the radius was calculated without taking into account the effect of
the occurrence of fractures.
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Fig. 16 Monitoring data with multiple fractured injection incidents

Table 4 Additional injection volume to fill the fractured gap
Time [min]
22.2–41.5
43.8–45.7
58.3–62.5
63.5–65.4
65.6–66.8

Additional injection volume for fracture [L]
121.59
3.8
18.9
7.22
3.6

Total

155.11
Injection hole
Injection hole

r = 70.46 cm

(a) Fracturing phenomenon
not taken into account

r = 60.95 cm

(b) Fracturing phenomenon
taken into account

Fig. 17 Grout bulb radius depending on fracture consideration
The total injection volume obtained by integrating the measured flow rate over the
entire injection time was 439.6 l (with the radius of 70.46 cm); however, this volume
includes the volume to fill the fractured gaps as well as that consumed to penetrate the
ground. The calculated injection volume to fill the fracture gaps was 155.11 l, and the
calculated bulb radius excluding it was 60.95 cm. From this, it can be observed that the
radius of the grout bulb formed as a result of permeation grouting decreases by
approximately 10 cm when the fracturing phenomenon is taken into account. In other
words, if the fracturing phenomenon is not taken into account, the volume of the grout
bulb can be overestimated.
5. CONCLUSION
In this study, the authors have proposed a real time grouting management system
based on clogging theory. The new system measures the injection pressure in real time;
then, the flow rate with elapse of time can be predicted using the measured injection
pressure. By comparing the predicted flow rate with the measured one in-situ, quality of
the grouting work can be adequately monitored and managed in real time. The
summary and limitations of this study are as follows:

•

•

•

•

•

Although cement-based permeation grouting for soils with high w/c ratio is
affected by numerous factors, it has been verified through application of field
data that the most critical factor is the clogging phenomenon occurring during
grout injection.
The adequacy of grouting work for soils can be assessed in real time by the
proposed real time grouting management system, in which injection pressure
and/or flow rate are estimated based on the clogging theory and compared with
monitored data.
The possibility of occurrence of fractures can be predicted conveniently using
the proposed system by predicting the injection pressure using the flow rate
extrapolated from the data measured in the past.
The volume of the grout bulb can be estimated more accurately by taking into
account the volumetric loss of the grout bulb caused by the occurrence of
fracture. The radius of the formed grout bulb then can be calculated more
accurately.
In this study, the investigation was conducted with limited conditions of
permeation grouting using cement milk (Newtonian fluid) with a high w/c ratio,
into saturated ground. In future, further studies are required on grouting using a
Bingham fluid and/or a power-law fluid with a low w/c ratio; furthermore, a study
of grouting phenomenon penetrating through unsaturated ground is also
required.
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