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Abstract  Grouting plays an important role in
improving the dam foundation and reducing the
permeability in Lugeon values. The precise assessment of
the dam foundation grouting's quality has grown to be a top
priority. The effectiveness of the grouting method for
decreasing Lugeon values in the dam foundation has not
been certainly revealed. The foundation of the dam is
weathered lapilli tuff and gravelly sand is a typical porous
weathered rock. The grouting has been performed as a
down-stage, in which the grout hole is drilled in stages
using a pneumatic packer. The improvement of the dam
foundation by grouting is evaluated by comparing the first
permeability (permeability before grouting) and secondary
permeability (permeability after grouting) by using Lugeon
values with a water pressure test (WPT). This test
employed 608 data which included the first permeability,
depth, grout take, and secondary permeability. This study
has revealed that the first permeability for low permeability
values (1 — 5 Lu) in depths of 5-30 m does not exist. The
grout take ranges from 12.79 to 2212.09 kg/m. Finally,
secondary permeability for depths of 5, 10, 15, 20, 25, and
30m is 15.00%,20.00%, 19.30%, 43.81%, 48.05%, 69.57%
respectively. This paper focuses on evaluating dam
foundation improvement with a grouting method in
Bajulmati Dam by using the permeability, grout takes and
conditions of rock mass discontinuities. Thus, the results
are expected to be applicable to assess the quality of curtain
grouting.

Keywords Dam Foundation, Grouting, Permeability,
Lugeon, Quality Assessment

1. Introduction

Geological structures, such as bedding planes, fractures,
shear zones, and faults, are most likely to represent
potentially concentrated leakage channels through
abutments and the dam foundations during operation and
also impounding [1, 2].

Using the grouting method, the material mixture enters
cracks, pore spaces, joints, soil structures, and rock voids.
Grouting therefore enhances the mechanical and physical
properties of these structures, reducing their deformability
and permeability to formations. On the other side, these
formations' strength will rise [1-7].

Up to now, many studies have focused on examining the
effects of curtain grouting to reduce the permeability of
dam-foundation improvement [1-8]. The effectiveness of
grouting depends on, permeability, grout composition
method of injecting, and depth to grout. To determine
grout-ability and rock permeability, the most widely used
test is the Lugeon test. In this test, a packer and high
pressure are used to close up a portion of the borehole. It is
then injected with water. As a result, permeability will be
governed by the length of the sealed borehole, pressure,
and the rate of the water takes.
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After the curtain grouting construction is completed, it is
difficult to detect whether the quality of the grouting is
good or bad. Moreover, it is a common problem to evaluate
grouting efficiency [2]. This study focuses on illustrating
an efficient optimization design of grouting by
comprehensively investigating data and simulations.
However, as grouting is typically performed in huge
amounts and over a lengthy period of construction, it is
possible to use data gathered from finished grout sections

to estimate the secondary permeability in a dam foundation.

The secondary permeability is predicted using prediction
methods since it may be possible to correctly record other
grouting features [3].

Additionally, due to variations in lithologies, different
grouting curtain systems are needed at various construction
site locations. Therefore, it is imperative to carry out the
anti-seepage curtain optimization design for a high dam
height or somewhat bad geological conditions during the
seepage control design stage in order to reduce
construction time and costs [2].

Curtain grouting is an important method for improving
dam foundations. The quality of the curtain grouting is
crucial to the safe operation of the dam. Therefore, it is
necessary and crucial to evaluate the grouting efficiency
[8]. A study that evaluates grouting efficiency can provide
a direct basis for grouting engineers to take remedial
measures because these measures significantly prevent
leakage in the dam foundation and ensure the safe
operation of the dam [7].

Basically, to improve grout, a dam foundation with a
high lugeon value requires more grout take. It indicates
that the lugeon test can represent the amount of grout takes
to some extent but cannot be utilized as an absolute
reference for the amount grout takes. The trends of the
peak amount of grout take and the permeability are
essentially consistent. A prediction system might only be
applicable to particular dam foundations since multiple
dam foundations rarely share the same geological
characteristics.

This paper focuses on evaluating the effectiveness of the
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grouting method foundation in the Bajulmati Dam
weathered lapilli tuff and gravelly sand based on
permeability, grout take, and conditions of rock mass
discontinuities. The results are expected to be applicable to
assess the quality of curtain grouting. This test employed
608 data, which included the first permeability, depth,
grout take, and secondary permeability.

2. Objectives

The Bajulmati Dam is located in Watukebo Village,
Wongsorejo District, Banyuwangi Regency, East Java
Province, Indonesia. Bajulmati dam is a central core of the
rock-fill dam type with 56.8 m of height, width and crest
length 6 m of width and 250 m. The general layout of the
Bajulmati dam site is presented in Figure 1.

The dam is built to control water flood, with a water
supply of 110 I/s, and an irrigation water area of 1800 ha.
The foundation of the dam is located in two young volcanic
deposits, namely the ljen Tua volcanic deposit consisting
of lapilli tuff and gravelly sand and the Baluran volcanic
deposit consisting of lava flow and auto breccia. The
geology of the dam site is presented in Figure 2.

The Lugeon value on the dam foundation before
grouting is almost entirely more than a value of 5 to a
foundation depth of 30 m. The improvement of the dam
foundation by grouting is evaluated by comparing the first
permeability (permeability before grouting) and secondary
permeability (permeability after grouting). Therefore, it is
necessary to evaluate and assess the grouting efficiency
dam foundation based on Lugeon values.

3. Methods

3.1. Grouting Operations

Grouting is the methodical borehole drilling process
beneath and beside the structures to improve the rock
quality and decrease the permeability [1-7].



3232

Evaluation of Dam Foundation's Grouting Efficiency Based on Lugeon Values

Figure 1.

General layout of Bajulmati dam site
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Figure 3. Layout of grouting holes in Bajulmati dam foundation

The grouting has been performed at a down-stage. The
grout hole has six grout stages (5, 10, 15, 20, 25, and 30 m).

Each grout section's grouting procedure was organized
into four steps: drilling, washing, water testing, and
grouting. It was necessary to conduct Lugeon tests during
the water testing in order to get Lugeon values, which
reveal the permeability of a particular grout area. Each
grout part includes information on depth, grout take,
Lugeon values of first permeability, and Lugeon values of
secondary permeability.

3.2. Permeability Test

The most used technique for determining a rock mass's
permeability and groutability is the water pressure test
(WPT). Maurice Lugeon carried out this experiment for the
first time in 1933. The permeability rate was expressed by
their Lugeon values (LU). One Lugeon unit = is 1 Liter of
water/ meter of test hole/minute at an injection pressure of
10 bar (approximately 150 psi). The outcome of this test
shows the permeability in the dam foundation
[11[3][7110].

This test employed 608 data on the first permeability,
depth, grout take and secondary permeability. The samples
of dataset are presented in Table 1.

Table 1. Samples of dataset

Depth First_ _ Grout Secondgry
Permeability takes Permeability
(m) (Lu) (kg/m) (Lu)
5 26.19 794.2 6.61
5 17.07 89.19 3.07
10 25.61 987.45 7.24
15 7.69 57.26 7.63
20 15.84 50.59 11.43
20 15.39 60.87 11.28

The first permeability refers to the permeability before
grouting, and the secondary permeability refers to the
permeability after grouting.

Grout take refers to the volume of injected grout or may
refer to the total injected volume in an interval within a
hole, in an entire grout hole, in a unit length or area of a
grout curtain, or the entire rock formation or soil mass. The
grouting material was a mixture of cement and bentonite. The
volume of bentonite is 5 % of the cement volume.

3.3. Data Analysis

The depths of each grout section were 5, 10, 15, 20, 25,
and 30 meters. Each section contained data on length of
grout sections, lugeon values, and grout take. The data
were analyzed by combining the data of the first
permeability, the secondary permeability, and grout takes.
All data were collected from the inspection chart of the
curtain grouting for the Bajulmati dam foundation in 2009.
Then, all data were calculated and analyzed using an Excel
application program. After completely observing the grout
improvement, the efficiency of the grout improvement was
analyzed.

To facilitate the analysis process, this study has adopted
the Lu symbol to represent Lugeon values. In the
meanwhile, to calculate the unit grout take per unit length
(kg/m), the grout take of a grout section was divided by its
length.

4. Results and Discussion

4.1. Results of Grout Hole

This study has revealed corresponding relationships
between the secondary permeability and the first
permeability, depth of grouting, and grout take. The test
positions were selected in depths of 5, 10, 15, 20, 25, and
30 m. The data on the permeability condition and the
distribution of the dam site rock mass are summarized in
Table 3.

Depth of 5 m

The first permeability (permeability before grouting)
ranges from 5.35 — 50.44 Lu. The first permeability of the
permeability class shows a moderate to high permeability
value, and the conditions of rock mass discontinuities are
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partly open to many open.
The secondary permeability in the depth of 5 m ranges
from 12.79-1,981.74 kg/m to 1.14-55.11, Lu respectively.

Depth of 10 m

The first permeability ranges from 5.68-53.69 Lu. The
first permeability of the permeability class shows a
moderate to high permeability value, and the conditions of
rock mass discontinuities are partly open to many open.

The grout take and the secondary permeability in the
depth of 10 m range from 13.33-2,212.09 kg/m to 0.12 —
32.29 Lu.

Depth of 15 m

The values of the first permeability range from
4.90-78.51 Lu. The first permeability of the permeability
class shows low to high permeability values, and the
conditions of rock mass discontinuities are few partly open
to many open.

The value of the secondary permeability in the depth of
15 m range from 18.64 -1,130.61 kg/m to 0.58-22.92 Lu
respectively.

Depth of 20 m
The value of the first permeability range from
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permeability class shows moderate to medium
permeability values, and conditions of rock mass
discontinuities are few partly open to some open.

The values of the secondary permeability in the of depth
20 m range from 14.65-1,113.50 kg/m to 0.39-16.89 Lu.

Depth of 25 m

The values of first permeability range from 5.05-18.06
Lu. The first permeability of the permeability class shows
moderate to medium permeability values, and conditions
of rock mass discontinuities are few partly open to some
open.

The values of the secondary permeability in a depth of
25 m range from 14.65-1,056.53 kg/m to 0.43-14.84 Lu.

Depth of 30 m

The values of the first permeability range from
5.23-35.07 Lu. The first permeability of the permeability
class shows moderate to medium permeability values, and
conditions of rock mass discontinuities are few partly open
to some open.

The values of secondary permeability in a depth of 30 m
range from 18.48-1,113.0 kg/m to 1.14- 8.52 Lu.

5.05-44.67 Lu.

The first

permeability value the

Table 2. Condition of rock mass discontinuities with different in Lugeon values after Quifiones-Rozo, 2010)

Range of Range of hydraulic Classification Precise report Conditions of rock mass
Lugeon conductivity (cm/s) (Lugeons) discontinuities
<1 <1x10°® Very low <1 Very tight

1-5 1x10°-6x10° Low +0 Tight
5-15 6x10°-2x10* Moderate +1 Few partly open
15-50 2x10*-6x10* Medium +5 Some open
50 — 100 6x10*-1x10% High +10 Many open
100 >1x 107 Very high >100 Open and clos_ely spaced or
void
Table 3. Permeability conditions and distribution of rock mass in Bajulmati dam site
Depth of
- Condition of 5m 10m 15m 20m 25m 30m
Permeability
Class Rock Mass First First First First First First
Discontinuities | permeability | Permeability | Permeability | Permeability | Permeability | Permeability
(%) (%) (%) (%) (%) (%)
Very low .
Very tight 0 0 0 0 0 0
(0-1Lu) ey g
Low
Tight 0 0 0.88 0 0 0
(1-5 Lu) '9
Moderat
oderate Few partly 22.00 47.00 65.79 79.38 93.51 86.96
(5-15Lu) open
Medium Some open 60.00 46.00 32.46 20.62 6.49 13.04
(15 - 50 Lu) P : ' ' : ' '
High
M 17.00 7.00 0.88 0 0 0
(50 - 100 Lu) any open
. Open and
(\ie;)(/) g IE:) closely s-paced 1.00 0 0 0 0 0
or voids
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4.2. Discussion of the Relationship between Grout Take
and Permeability after Grouting (Secondary
Permeability)

After observing the permeability and grout take, in order
to assess the data, grout takes and permeability after
grouting were analyzed by combining the permeability
before grouting. Tables 4-9 and Figures 4-9 show the effect
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of grout take on secondary permeability in each depth.
This research only obtains Lugeon values as the only
physical parameter to evaluate the effect of grout take. This
value shows the degree of permeability in the dam
foundation. Basically, in grout improvement, a dam
foundation with a high Lugeon value requires more grout

take.

Table 4. The effect of grout takes on the secondary permeability in a depth of 5 m

Depth of 5 m
Permeability Class - — —
First Permeability (%) Grout Takes (Kg/m) Secondary Permeability (%)
Very low
(0-1Lu) 0 0
Low
(1-5 Lu) 0 15.00
('g"o‘igritj) 22.00 48.00
Medium 12.79-1,981.74
(15 - 50 Lu) 60.00 36.00
High
(50 - 100 Lu) 17.00 100
Very high
(>100 Lu) 100 0

Table 5.

The effect of grout takes on the secondary permeability in a depth of 10 m

Depth of 10 m

Permeability Class
First Permeability (%) Grout Takes (Kg/m) Secondary Permeability (%0)
Very low
(0-1Lu) 0 4.00
Low
(L-5Lu) 0 20.00
(';/l-0 cligritue) 47.00 59.00
Medium 12.33-2,212.09
(15 - 50 Lu) 46.00 17.00
High
(50 - 100 Lu) 7.00 0
Very high
(>100 Lu) 0 0

Table 6. The effect of grout takes on the secondary permeability in a depth of 15 m

Depth of 15 m
Permeability Class
First Permeability (%) Grout Takes (Kg/m) Secondary Permeability (%)
Very low (0 - 1 Lu) 0 0.88
Low (1-5 Lu) 0.88 19.30
Moderate (5 - 15 Lu) 65.79 69.30
18.64- 1,130.61
Medium (15 - 50 Lu) 32.46 10.53
High (50 - 100 Lu) 0.88 0
Very high (> 100 Lu) 0 0
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Table 7. The effect of grout takes on the secondary permeability in a depth of 20 m
Permeability Class Depth of 20 m
y First Permeability (%) Grout Takes (Kg/m) Secondary Permeability (%6)
ty y
Very low
0-1Lu) 0 3.09
Low
(1-5 Lu) 0 43.81
('gﬂ?fgritj) 79.38 52.58
Medium 14.65-1,113.50
(15 - 50 Lu) 20.68 0.52
High
(50 - 100 Lu) 0 0
Very high
(>100 Lu) 0 0
Table 8. The effect of grout takes on the secondary permeability in a depth of 25 m
Permeability Class Depth of 25 m
y First Permeability (%) Grout Takes (Kg/m) Secondary Permeability (%)
Very low
(0-1Lu) 0 2.60
Low
(1-5 Lu) 0 48.05
Moderate 93.51 49.35
(6-15Ly) 14.65- 1,056.53
Medium 6.49 0
(15 - 50 Lu) '
High
(50 - 100 Lu) 0 0
Very high
(>100 Lu) 0 0
Table 9. The effect of grout takes on secondary permeability in a depth of 30 m
Permeability Class Depth of 30 m
y First Permeability (% Grout Takes (Kg/m Secondary Permeability (%
ty (%) (Kg/m) y ty (%)
Very low
(0-1Lu) 0 0
Low
(1-5 Lu) 0 69.57
Moderate 86.96 30.43
(6-15Lu) 18.48 - 1,113.50
Medium 13.04 0
(15-50 Lu) )
High
(50 - 100 Lu) 0 0
Very high
(>100 Lu) 0 0
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Figures 4-9 show the efficiency of the grout
improvement in grout depths of 5, 10, 15, 20, 25, and 30
meters. The efficiency of the grout improvement in this
case study is confirmed by observing changes in the
distribution. The test has revealed that Lugeon values of
the secondary permeability (permeability after grouting)
are smaller than those of the first permeability
(permeability before grouting). This finding indicates that

the grout improvement in the Bajulmati dam foundation is
efficient.

Tables 4-9 and Figures 4-9 show that the Bajulmati dam
foundation in depths 5-30 m has moderate-medium
permeability of 5-50 Lu. The following phenomena can be
observed in depths of 5-15 m and 20-30 m.

The first phenomenon is found in depths of 5- 15 m. The
first permeability (permeability before grouting) for low
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permeability values (1-5 Lu) is in depths of 5, 10, and 15 m
is 0%. Meanwhile, the maximum grout takes injected in a
depth of 5-15 mis 2,212.09 kg/m. The results show that the
secondary permeability (permeability after grouting) for
low permeability (1 — 5 Lu) in a depth of 5 m is 15.00%, a
depth of 10 m is 20.00%, and that in a depth of 15 m is
19.30%.

The secondary phenomenon is found in depths of 20-30
m. The first permeability (permeability before grouting)
for low permeability values (1-5 Lu) in depths of 20, 25,
and 30 m is 0%. Meanwhile, the maximum injected grout
takes in depths of 20-30 m is 1,113.50 kg/m. The results
show that the secondary permeability (permeability after
grouting) for low permeability (1-5 Lu) in a depth of 20 m
is 43.81%. Meanwhile, the secondary permeability in a
depth of 25 m is 48.05%, and that in a depth of 30 m is
69.57%.

The vein structure and the fracture network structure
make up the hydrogeological structure of the dam

foundation. The permeability of the dam site is not uniform.

This result signifies that the foundation improvement
method of grouting in Bajulmati Dam is more effective in
depths of 20-30 m. This condition occurs because the
geological type in depths of 5-15 m is dominated by
weathered lapilli tuff. Meanwhile, the geological type in
depths of 20-30 m is dominated by gravelly sand.

The geological type in depths of 5-15 m is dominated by
weathered lapilli tuff. The previous fractures are reopened
as a result of the injection pressure splitting the rock mass
along them. Tensile tension, which causes new cracks to
form and spread across the borehole wall, is what causes
this splitting. This physical process causes the creation or
extension of fractures in a rock mass. The fact that the rock
mass has a significant grout take implies that the rock mass
has expanded or split, as these situations cause larger grout
takes.

The phenomenon that occurs at depths of 20-30 m is
caused by the dominant type of geology which is gravelly
sand. The used grouting material is a mixture of cement
and bentonite. Based on the principal category of grout, the
material grouting which is a mixture of bentonite and
cement is stable grout for the geological type of sand and
gravel. This phenomenon explains the initiation of setting
the cement and bentonite, which increases viscousi and
rigid of the grout.

This study has revealed that the foundation improvement
method of grouting in Bajulmati dam is more effective in
depths of 20-30 m.

5. Conclusions

This study investigates the grouting characteristics of the
Bajulmati dam foundation. Based on the Lugeon values of
the first and secondary permeability and grout take data,
this study concludes several points:

Evaluation of Dam Foundation's Grouting Efficiency Based on Lugeon Values

1. The permeability class for the Bajulmati dam
foundation in depths of 5-30 m based on first
permeability is moderate to medium permeability
(5-50 Lu), and conditions of rock mass discontinuities
are few partly open to some open.

2. The first permeability (permeability before grouting)
for low permeability values (1-5 Lu) in depths of 5-30
m is 0%. Meanwhile, the grout take ranges from
12.79-2212.09 kg/m. Finally, the results of the
secondary permeability (permeability after grouting)
in depths of 5, 10, 15, 20, 25, and 30 m are 15.00%,
20.00%, 19.30%, 43.81%, 48.05%, and 69.57%
respectively

3. The permeability of the dam site is not uniform. This

finding shows that the foundation improvement
method of grouting in Bajulmati Dam is more
effectively applied in depths of 20-30 m. This
condition occurs because in depths of 5-15 m the
geological type is dominated by weathered lapilli tuff.
Meanwhile, the geological type in depths of 20-30 m
is dominated by gravelly sand. The material grouting
makes a mixture of cement and bentonite stable for
the geological types of sand and gravel.
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