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Abstract—This paper presents a stability parametric analysis of a
59m high embankment dam. The analysis was performed in
order to evaluate the minimum values of strength parameters
that satisfy the stability requirements of the dam. The parametric
analysis was conducted for three main zones of the dam:
upstream shell, core, and downstream shell, which consisted of
sandy gravel, clay, and random fill respectively. The friction
angles of these materials were gradually decreased in order to
represent different soil conditions. It was observed that stability
requirements for the end of construction and after the filling of
the reservoir could be satisfied if friction angle values of the
sandy gravel and the random fill are 34° and 32°, instead of 37°
and 34°. However, the value of the core’s cohesion could be
utilized as 30° without any reduction so that the dam could be
safe after the filling of the reservoir. The results of this study
could be beneficial to practicing engineers for the design of safe
and economical embankment dams.
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1. INTRODUCTION

Embankment dams are large structures that require huge
volumes of fill materials. Many different sources of fill
materials are identified within the boundaries of the
embankment dam for economical purposes. In general,
different soils from different sources may exhibit varied
strength and stiffness properties. It is therefore important to
investigate the effect of soil’s strength and stiffness properties
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on the stability of an embankment dam during the design stage,
before the actual construction. Therefore, parametric analysis is
required in order to evaluate minimum strength and stiffness
properties range of soils, which could be utilized for the safe
and economical design of embankment dams [1-2]. Pakistan is
an agricultural country and its economy mainly depends on the
availability of water and hydropower electricity. For this
purpose, many dams have been or proposed to be constructed
in the near future. In order to ensure the safety of both the
existing and the proposed dams in Pakistan, it is necessary to
investigate the strength properties of local soils and their effects
on the stability of the dams during their service life. There are
very few case studies published on the stability issues of dams
in Pakistan [3-13]. To the best of our knowledge no parametric
analysis on the effects of strength properties on the stability of
embankment dams with respect to local site conditions in
Pakistan has been published. Therefore, there is a need for
more case studies that could address issues related to the safe
and economical design of embankment dams, based on
parametric analysis of local soils. This is because every dam is
considered as a unique structure based on its design, materials
used, and foundation geology.

It is estimated that about half of embankment dams’ failures
have occurred due to the buildup of excess pore pressure,
seepage, internal erosion and excessive deformations [10].
These instability problems may occur at routine or unusual
conditions (e.g. heavy rainfall, intense earthquake) during the
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service life of an embankment dam [11]. The failure of a dam
may cause loss of lives and financial resources. Most slope
failures in embankment dams have occurred either during or
after the end of construction. The increase of pore water
pressure depends on the water content of the fill and on the rate
of construction [12]. Due to the low permeability of soils,
excess pore pressure might develop gradually during raising
and filling of the reservoir. This increase in excess pore
pressure may lead to slope instability or dam failure [13].

This paper presents the parametric analysis of the effect of
soils’ strength properties on the stability of an embankment
dam, the Nai Gaj dam. Three main zones, involving large
quantities of fill materials, are focused: upstream shell, core,
and downstream shell. The Nai Gaj dam is located 65km north-
west of Dadu, in Sindh Province of Pakistan. Almost 50% of its
construction is already completed. It is estimated that the dam
will irrigate about 40,000 acres of land, meeting the water
needs of the growers. The catchment area of the dam is
7019km’ and 85% of this area lies in Baluchistan, while 15%
lies in Sindh province.

II.  MATERIALS AND METHODS

The cross section of Nai Gaj dam is shown in Figure 1. The
material zones in the dam are: sandy gravel, random fill, central
impervious clay core, sand filter, coarse filter and drainage
blanket. The foundation of the dam mainly consists of sandy
siltstone. This embankment dam is 59m high. The dam is
1137m long, having a maximum design water level of 56.6m.
The core has an upstream side slope of 1H:3V, and a
downstream slope of 1H:4V. The upstream and downstream
shoulders have slopes 1V:2.5H. Drainage features, including a
chimney drain and horizontal drainage blanket below the
downstream shell, have been incorporated in the design to
relieve the pore water pressure within the dam body and to
dispose the seepage water in a safe manner in order to prevent
erosion and boiling. Numerical analysis was carried out on a
typical section of the dam. Stability and excess pore pressure
analyses were carried out on a two dimensional plane strain
condition, using the finite element program Plaxis 2D [14], for
two conditions: the gradual raising at the end of construction
and after the reservoir filling.

CLAY CORE
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RANDOM FILL

WASHED GRAVEL

4b__|D'S SLOPE PROTECTION.
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SAND FILTER

Fig. 1.

Cross section of the Nai Gaj dam

Mohr-Coulomb model [15] was used on all layers of the
dam for computing the pore pressures and the safety factors at
the end of the construction and during the reservoir filling. The
material properties of the Mohr-Coulomb model, used for the

computation of dam’s settlement during the end of construction
and the reservoir filling, are presented in Table 1. Coupled
deformation and consolidation analyses were carried out in
order to estimate the development and dissipation of excess
pore pressure as a function of time. In addition, safety analysis
was conducted to compute the safety factors of the dam. The
raising of the embankment of the dam was decided based on
the construction work that is being carried out on the site. The
dam was mainly raised at a rate of three meters in 30 days.

TABLE 1. MATERIALS OF NAI GAJ DAM AND ITS FOUNDATION
Material Sa‘tura‘ted Cohesion Friction Modu'lu‘s of Permeability
type unit weight (KN/m?) angle elasticity (m/day)
P (KN/m?) (deg) | (KN/m?) Y
Clay 18.85™1 [ 9,57 [ 30™ [ 50000™ | 0.000263™
:f;‘fg 21.5120 0 3707190 | 5000029 86.41%
Rancom | 155" 0 347 | 5000077 | 0.02631
ngf:‘}:;d 21,527 0 | 37 | 45000 | 864"
Dis slope | g 552 0 | 34231 | 40000120 | 8640
protection )
Riprap 19.5 0 347 14000077 | 864077
Sand filter | 18.85™ 0 3677 | 40220™ 26331
]fl:i;‘lfie 21,5120 0 372131 | 450000" 864L7
si?:‘s‘t‘gze 204 29| 2019 | 12500057 | 0.00063!")

The finite element model of the dam was extended laterally,
by 100m on each side, in order to minimize the effect of its
boundaries, as shown in Figure 2. The finite element mesh
consisted of 6619 triangular elements with 53463 nodes. The
average element size was 3.2m. The mesh was sufficiently
refined to the extent that with further refinement of the mesh
the results were almost the same (Figure 3). Water level in the
finite element model is 15m below the surface (Figure 2). The
highest flood level of 56.6m in the finite element model is
shown in Figure 4.

Fig. 2. Finite element model of the Nai Gaj dam

Fig. 3.

Finite element mesh of the Nai Gaj dam
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Fig. 4.

Maximum water level in the Nai Gaj dam

III.  RESULTS AND DISCUSSION

A. Excess Pore Pressure

The magnitude of excess pore pressure increased when the
embankment rose up to a level of 45m (Figure 5-6). When the
embankment rose from 45m to 59m, the excess pore pressure
mainly decreased. The reason is that as the dam was raised
higher, the width of layers gradually decreased. This indicates
that the weight of the top layers of the dam was lower as
compared to the bottom layers (Figure 7). This implies that the
rate of dissipation of the excess pore pressure was higher
compared to the lower rate of loading of the upper layers.
Therefore the excess pore pressure decreased with respect to
time.

)

—
Lo o o o =) o o o
EN ~ © =} < ] N ©
il & il ~ Enl o~ o~
=
3
=i

Development of excess pore pressures at 15m raising of the dam

Fig. 5.

)

& o o o o o o o o o o o
£ < o I o o < @ I o =}
E ~— - o~ ('] ~N (12} (22} <
=
Fig. 6. Development of excess pore pressures at 45m raising of the dam

B. Factor of Safety

Dam’s factor of safety was computed to be 1.6 and 1.48 for
the end of construction and after the reservoir filling conditions
respectively. Due to soils’ saturation, the factor of safety after
the reservoir filling decreased compared to the end of

construction. According to available guidelines [28], the safety
factors for the end of construction and the reservoir filling at
normal operating level are 1.3 and 1.5 respectively. This
implies that the stability of the dam is considered satisfactory
for both conditions. Moreover the results of the study for the
dam’s potential failure zones, for both conditions, are exhibited
in Figures 8 and 9. The potential failure zone for the end of the
construction was at the upstream side of the dam, while the
failure zone after the reservoir filling developed on the
downstream side. The modes of failure are consistent with the
literature.
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Fig. 7. Development of excess pore pressures at 59m raising of the dam

Fig. 8. Potential failure zone of the dam at the end of construction

AL

Fig. 9.

Potential failure zone of the dam after reservoir filling

C. Effect of Sandy Gravel’s Friction Angle on Safety Factor

The upstream shell of the dam consists of sandy gravel and
the effect of its friction angle on the dam safety factor was
examined (Figure 10). As expected, dam’s safety factor
increased with increasing values of the sandy gravel’s friction
angle. For both conditions, the stability of the dam is
satisfactory if the minimum value of sandy gravel’s friction
angle is 34° This implies that the friction angle value of the
sandy gravel could be taken as 34° instead of 37°.
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Fig. 10.  Effect of sandy gravel’s friction angle on dam’s safety factor

D. Effect of Random Fill’s Friction Angle on Safety Factor

The downstream shell of the dam consists of random fill
material and its friction angle effect on dam’s safety factor was
analyzed (Figure 11). As expected, dam’s safety factor
increased with increasing values of random fill’s friction angle.
For post reservoir-filling conditions, increasing this friction
angle to over 32° has no influence on the safety factor. This
implies that random fill’s friction angle could be taken as 32°
instead of 34°.
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Fig. 11.  Effect of friction angle of random fill on safety factor of the dam
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Fig. 12.  Effect of friction angle of clay core on safety factor of the dam

E. Effect of Clay Core’s Friction Angle on Safety Factor

The center of the dam consists of clay core material and its
friction angle effect on the stability of the dam was investigated

(Figure 12). As expected, dam’s safety factor increased with
increasing values of clay core’s friction angle for both
conditions. In partially dry state, the core was stronger and
dam’s safety factor was more than sufficient, even for friction
angles at 20°. However, clay is more sensitive to saturation, so
the cohesion of the core decreases when moisture content
increases. Therefore, in order to increase the stability of the
dam, it is necessary to fully compact the core and utilize the
maximum value of cohesion, which is 9kPa.

IV. CONCLUSION

In this study, the slope stability behavior of an embankment
dam was analyzed, by investigating the effects of various
materials, in different zones. The friction angles of the three
main zones, sandy gravel, clay core, and random fill, of the
embankment dam were gradually decreased. It was found that
the stability of the dam was satisfactory for both the end of
construction and after the reservoir filling conditions, if the
minimum friction angle values of the sandy gravel and the
random fill are decreased respectively from 37° to 34° and from
34° to 32°. For the dam to be stable after the filling of the
reservoir, it is necessary to utilize the same value (30°) of clay
core. Those results could be valuable for practicing engineers
working on safe and economical design of embankment dams.
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