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Abstract

Soil embankment dams have been built surrounding the Lusi Mud Volcano in Sidoarjo, East Java, to keep hot mud
within the ponds since May 2006. The dams have been made of soil materials sitting on poor weak grounds. A finite
element method (FEM) was applied for modelling the displacements of the embankment dams. Results show that the
dam displacements in both vertical and horizontal directions were high in static and dynamic state conditions. The
final design of the dams had a total displacement of about 1.3-1.9 m in both static- and dynamic-state conditions.
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INTRODUCTION

Since the beginning of the eruption in May 2006, embankment dams have been built surrounding the Lusi
mud volcano in Sidoarjo, East Java. The dams were intended to keep hot mud within the ponds. The mud
flow from the Lusi mud volcano has covered an area of 6.3 km® (Mazzini, et al., 2007). The embankment
dams were constructed from pebble-soil materials sitting on weak clay and silt grounds. The dams are also
gaining pressures from mud filling the ponds (Agustawijaya and Sukandi, 2012).

Agustawijaya and Sukandi (2012) analysed the stability of the Lusi embankment dams, and reported that
the dams prone to instability to ground subsidence and mud pressures. In particular, the dam point P.10D
has failed several times during the period of 2009-2012 (Agustawijaya and Sukandi, 2012). In this analysis,
the phi-c reduction concept was applied that resulted in a factor of safety of 1.1 (Agustawijaya and Sukandi,
2012).

The phi-c reduction concept applies procedures that automatically reduce the soil strength parameters, c'
and [, until the soil fails (Chang and Huang, 2005; Griffieths and and Lane, 1999). In these procedures,
assumptions are not required anymore for determining the position of the failure plane of the soil, so the
failure plane will be established naturally on the zone that the soil strength could not resist the mobilised
shear stresses (Chang and Huang, 2005; Zheng, et al., 2006). The safety factor is, therefore, estimated, as
follows (Chang and Huang, 2005):
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O = SRF
c' = available effective cohesion
c'r = effective cohesion at failure
P' = available effective friction
Pt = effective friction at failure

The SRF is strength reduction factor, for which the SRF value corresponding to failure is the value of the
factor of safety (FoS).
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METHOD

The stability analysis in this paper has applied the finite element method of the Plaxis package. The goals of
the analysis are to predict the failure modes and to model the displacement of the dams due to soft grounds.
The finite element method of the Plaxis software package (Brinkgreve, 2007) applies the two-dimensional
plain strain concept (Zienkiwicz, 1997), since the concept is suitable to the dam configuration that the z-
axis, parallel to the dam axis, is assumed to be longer than the cross-x and vertical-y axes in the three
Cartesian-coordinates (Agustawijaya and Sukandi, 2012).

The Mohr-Coulomb failure concept is then applied. This concept is an elasto-plastic model representing
stresses causing strains until yield in elastic conditions; subsequently, plastic behaviour after yielding is due
to the increase of strains (Ugai, 1989). Parameters applied in this modelling are elasticity modulus (E),
Poisson’s ratio (v), effective cohesion (c'), and effective friction (¢').

RESULT AND DISCUSSION

The Embankment Dam Design
The locations of the dams for the analysis were the dam point P.80-81 and P.89-90. The dam points were
located at the north-east side of the carter, as can been in Figure 1.

P.80-

P.83-

Figure 1 The dam points P.80-81 and P.83-89

The construction of the embankment dams was conducted in four stages, as can be seen in Figure 2. The
original design was constructed with the dam crown and mud levels of +5.0 m and +1.2 m from the mean
sea level (MSL), respectively, for holding the mud temporally within the ponds.
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Figure 2 The cross section of the dam point P80-81
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As the mud volume exceeded the capacity of the ponds, the dams were then rebuilt for the second stage.
The elevation of the dams was consequently increased in each subsequent stage, reaching the level of +11.0
m from the MSL in the final design. The geotechnical parameters of soil materials, mud and grounds can be
seen in Table 1 and 2.

Tabel 1 Input parameters for the dam point P.80-81

. Yunsat Ysat KX,KY v Eref C Q
No.  Materials KN/m® kN/m® _ m/day KIN/m>  kN/m®_ deg
1 Soil material 17.74  18.85 0.0240 0.30 5000 9.46 28.53
2 Mud 16.23  16.28 0.0700 0.35 700 13.89 5.46
3 Ground 1 (silty clay) 16.22 16.59 0.0680 0.28 2500 28 11.5
4 Ground 2 (silty clay) 16.22 16.59 0.0680 0.28 2500 17.60 9.75
5 Ground 3 (sandy silt) 17.00 17.20 0.0680 0.28 2500 114 27
6 Ground 4 (sandy clay) 16.54 16.62 0.0680 0.30 2500 22.20 9.38
7 Ground 5 (clay) 16.00 16.10 0.0710 0.31 3000 21.75 9.84
8 Ground 6 (silty clay) 15.56 15.58 0.0782 0.31 3000 14.40 6.21
Elv,+11,0 m
hFl\-' +0 (0 m _
-

A

* + = .8

Figure 3 The cross section of the dam point P.83-89

Tabel 2 Input parameters for the dam point P.83

NO Material Yunsat Vsat kx ky v Eref C ¢
KN/m’ kN/m’  m/day KN/m*>  kN/m°  deg
1 Soil material 17.74  18.85 0.024 0.30 5000 9.46  28.53
2 Mud 1623  16.28 0.070 035 700 13.80  5.46
3 Ground I (sandy silt) 16.15  16.32 0.074 028 2500 2250 10.12
4 Ground 2 (silty clay) 16.17  16.48 0.074 030 2000  17.10 11.44
5  Ground 3 (sandy silt) 16.00  16.08 0.050 030 2000 17.60  8.44
6  Ground 4 (silty clay) 1582  16.04 0.083 028 3000 16.6 7.9
7 Ground 5 (clay) 1553  15.65 0.011 0.30 3000 17.2 75

Displacement of the Dam Point P. 80-81

Displacements of the dams were modeled in two directions: horizontal and vertical. Boundary conditions
were made that only the level of water and mud within the ponds was considered as the effect into the
displacement behavior. The first model was the elevation of the dam crest was +11.0 m from the mean sea
level and the elevation of mud and water was +9.0 m. It seems that the whole body of the dam displaced
vertically down to the ground (Figure 4). The horizontal movement was concentrated below the toe of the
dam and it affected the ground down to about 7 m (Figure 5). The total displacement was about 1.6 m
(Table 3). Mud and water pressures certainly influenced the displacement of the dam in this level.
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Figure 4 Vertical displacement of the dam point P.80-81 at the elevations of dam of +11.0 m, of
mud and water of +9.0 m from the MSL
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Figure 5 Horizontal displacement of the dam point P.80-81 at the elevations of dam of +11.0 m, of
mud and water of +9.0 m from the MSL

The second model was that the elevation of mud was +9.0 m and the elevation of water was +5.1 m, which
means that the surface of the mud was dry. The displacements reduced slightly in both vertical and
horizontal directions, although the total displacement was very much similar between the first model and
second model (Table 3). However, when the dynamic state condition was introduced into the model, the
displacement behavior was different, that the second model had displacement values lower than that of the
first model for about 13%.

Table 3 Displacements of the dam Point P.80-81

Total Vertical Horizontal
Elevation (m) displacement displacement displacement

(m) (m) (m)
Dam: +11.0; mud and water: +9.0 1.63 1.45 1.19
Dam: +11.0; mud: +9.0; water: +5.1 1.63 1.45 1.18
Dam: +‘1 1.0; mud and water: +9.0 1.93 1.68 1.55
(dynamic condition)
Dam: +11.0; mud: +9.0; water: +5.1 1.67 1.46 127

(dynamic condition)
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Displacement of the Dam point P.89

The displacement behavior of the dam point P.8§9-90 was different from that of the dam point P.80-81. The
whole body of the dam and the ground seems to displace entirely. The whole body of the dam displaced
vertically from the crest down to the ground. Interestingly, the deep ground moved in the horizontal
direction from the inner to the outer direction of the dam. But, the total displacement value was lower than
that of the dam point P.80-81, only about 1.3 m (Table 4). The behavior the displacement in the dynamic
state condition was similar to that in the static state condition.
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Figure 6 Vertical displacement of the dam point P.83-89 at the elevations of dam of +11.0 m, of mud and
water of +9.0 m from the MSL
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Figure 7 Horizontal displacement of the dam point P.83-89 at the elevations of dam of +11.0 m, of mud
and water of +9.0 m from the MSL

When the level of water was reduced in the second model to be +5.1 m from the MSL, the displacement
was not significantly affected. Therefore, the displacement behavior of the dam point P.8§9-90 was
influenced significantly by the ground condition that was weak clay.

Table 4 Displacements of the dam Point P.80-81

Total Vertical Horizontal
Elevation (m) displacement displacement displacement

(m) (m) (m)
Dam: +11.0; mud and water: +9.0 1.35 1.24 0.82
Dam: +11.0; mud: +9.0; water: +5.1 1.35 1.24 0.81
Dam: +'1 1.0; mud and water: +9.0 1.45 1.30 0.95
(dynamic condition)
Dam: +11.0; mud: +9.0; water: +5.1 1.39 1.26 0.90

(dynamic condition)
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CONCLUSION

For both dam points, P.80-81 and P.83-89, the displacements seem to be the major problem to the stability
of the dams, as the whole body of the dams and the grounds displaced in horizontal and vertical directions.
The water level significantly played an important role in the displacement behavior in conjunction with
weak ground made of clay materials. Thus, the level of water within the ponds should be reduced in order
to provide more stability to the dams.
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