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Abstract
This paper will explore the differences in pore pressures resulting from saturated and unsaturated seepage
(pore pressure) analysis. It will also evaluate some conventional recommendations, such as the inclusion of
essential components of the embankment dam and omission of inessential components. In addition, the
identification of inessential components will be discussed.
Finally, pore pressures obtained from these analyses will be compared to monitoring data in order to identify
the most appropriate seepage (pore pressure) model.
In conclusion, advantages and disadvantages of each method will be discussed and recommendations will
be provided in order to gain the most appropriate results.
The results of this paper can be used for designing new embankment dams or safety reviews of existing dams,
particularly when there is lack of reliable monitoring data.
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Introduction
One of the challenges of seepage modelling is to identify the best method of modelling including the boundary conditions.
Should inessential components of the dam, which do not increase the resistance to seepage, be included in a pore pressure
model? Should the various components of the embankment be modelled as saturated only or include unsaturated flow
conditions? What is the effect of each of the above assumptions on pore pressure and phreatic surface?
A list of recent studies, which have investigated the modelling of the pore pressure in embankment dams, are listed below:
 Undayani Cita Sari, et al (2017) investigated the influence of pore water pressure to seepage and stability of
embankment dam and compared it with monitoring data.
 Shivakumar et al (2015) carried out seepage and stability analyses of a specific earth dam using finite element method.
 Carastoian Andreea (2015) experimented with unsaturated Slope Stability and Seepage Analysis of a Dam.
 L. Lam et al. (1987) investigated the behaviour of a transient seepage model for saturated-unsaturated soil systems.
 Imran Arshad in 2014 compared SEEP/W simulations with field observations in an earth dam.
This paper explains the simulation of pore water pressure and phreatic surface utilising saturated and unsaturated
parameters in an embankment dam using finite element method and compares the results with field pore pressure
measurement data. This was part of a study conducted on Eucumbene Dam. Eucumbene Dam is a large zoned embankment
dam, which is located on the Eucumbene River in Snowy Mountains, NSW and is one of the major dams that comprise the
Snowy Mountains Scheme.
The embankment has a maximum height of approximately 117 m and a crest width of 12.2 m, and includes the following
components (refer to Figure 1):
 Zone 1 (central core), which contains clay of low plasticity.
 Zone 1A material, which is towards the downstream side of the core.
 Zone 2 and Zone 4 filter materials which protect Zone 1 and Zone 1A from erosion
 Zone 3 rockfill and riprap materials which shape the outer surface of the embankment.
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Figure 1 Section through Eucumbene Dam- main embankment

Material properties
Zone 1 core material
This material was sourced from decomposed granite in nearby borrow areas downstream of the dam. The material was
placed and compacted in 150 mm layers by sheep foot rollers. Classification tests confirmed the placed material was
consistently a low plasticity sandy clay with a plasticity index of about 10%. Permeability tests gave an average measured
coefficient of permeability of 5 x 10-8 m/s. This was considered representative of the vertical permeability with the
horizontal permeability being considerably higher due to the layering expected in a constructed fill.
Zone 1A Earthfill
Zone 1A was constructed in a similar way as Zone 1. Zone 1A had a higher gravel content than Zone 1. Construction
records show that Zone 1A was generally a coarser material than the Zone 1. It is mostly classified as a Clayey Sand (SC),
with some samples were classified as well-graded gravel, gravelly clay or poorly graded sand. Average fines content was
less than 10% and the plastic index was around 7%.
Laboratory permeability tests returned an average coefficient of 10-6 m/s, which is taken as the vertical permeability with
horizontal permeability likely being higher.
Zone 2 and 4 Filter / Drainage Zone
The filter zones 2 and 4 were constructed of broadly graded sandy gravel material won from quarries at the dam site. Zone
2 and 4 materials were essentially the same in term of permeability. For simplicity in the analysis, they have been labelled
as Zone 2. Horizontal permeability for this material was 1x10-3 m/s.
Zone 3 Rockfill and Riprap material
The Zone 3 rockfill came from the dam site quarries and is believed to be predominantly quartzitic rock with metasediments
mixed in. The specification was for a free draining mixture of rock fragments, boulder and cobbles, compacted in 0.9m
layer thickness.
The rockfill is assumed to have a high permeability, nominally 1x10-2 m/s. In order to simplify the analysis the riprap
material has been combined with Zone 3 and assigned the same coefficient of permeability.
Foundations
For the main dam, the Zone 1 core was taken down to generally tight, fresh to slightly weathered rock. No backfill concrete
treatment or shaping was done to the foundation.
Some areas of close jointing in exposed rock were observed, but these were narrow and inherently non-continuous. The
strike of the rock bedding is across the valley floor and abutments, which is favourable for seepage control. Curtain grouting
was carried out in two lines 30m apart. Grouting records show that all the rock across the old river bed and most rock below
the top 15m was tight with very few closure holes required. Typically, a well-grouted foundation has a permeability of
approximately 5x10-7 m/s or less, and this value has been adopted for seepage analysis. Table 1 provides a summary of the
material properties.
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Table 1 Summary of material property
Material

Zone

Density
(kN/m3)

Kx,Horizontal
permeability (m/s)

Ky, Vertical
permeability (m/s)

Ky/Kx

Zone 1

Core

20

5x10-7

5 x10-8

0.1

Zone 1A

Earthfill

20

5 x10-6

1 x10-6

0.2

Zone 2 and 4

Filter/Drain

21

1 x10-3

1 x10-3

1

Zone 3

Rockfill/Riprap

22

1 x10-2

1 x10-2

1

Bedrock

Foundation

24

5 x10-7

5 x10-7

1

Unsaturated Soil Parameters
Based on existing information of different components of the dam, unsaturated graphs including coefficient of permeability
versus matric suction (refer to Figure 2) and water content versus pore pressure (refer to Figure 3) were developed which
were used for unsaturated analysis. 1

Figure 2 Unsaturated permeability of different components of embankment

1-

1

2-

Jean-Louis Briaud, Geotechnical Engineering, Unsaturated and Saturated Soils, 2013

3-

Delwyn G. Fredlund, Unsaturated Soil Mechanics in Engineering Practice, ASCE, 2006

4-

Seep/W examples
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Figure 3 Unsaturated water content of different components of the embankment

Modelling (Steady State)
The representative cross-section of the embankment dam, which is founded on bedrock at RL1150, is approximately 117
m high with a crest road at RL1168.4m. The side slopes are variable on the both upstream and downstream sides of the
embankment (see Figure 1).
Figure 4 shows the earth dam section and the finite element mesh developed using Seep/W software for carrying out
seepage analysis. A range of different probable models were considered to determine which provided the most accurate
comparison with the observed conditions.
The reservoir level was modelled at RL1146.38m, which was the same as storage level of a recent set of monitoring data.
Figure 5 shows pore pressure distribution inferred from field monitoring storage level assigned for monitoring data.
The following sections will describe the results of seepage analyses using different seepage models for the purpose of
identifying the seepage model that predicts pore pressure distribution which shows the best match with the field monitoring
data. The various proposed seepage models are as follows:
S- Saturated model
S1‐ Model the dam including all components.
S2‐ Model the dam excluding the downstream riprap and filter zones (Riprap and filter materials are free draining and
considered as inessential components for the seepage analysis.)
S3‐ Model the dam excluding the downstream riprap, filter and Zone 1A (Assume the downstream riprap, zone 1A and
filter material are inessential components in seepage analysis).
Note: Zone 1A is not free draining in general. However, in this model because of the difference in permeability of the core
material and Zone 1A, this material can freely pass the seepage without any resistance against seepage so Zone 1A assumed
to be an inessential component in seepage analysis. In addition, from previous models we can conclude that the phreatic
surface does not extend into the downstream Zone 1A.
U- Unsaturated model
U1‐ Model the dam without omitting any component (Same as in model S1)
U2‐ Model essential components of the dam (Same as in model S2)
U3‐ Model essential components of the dam (Same as in model S3)
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Figure 4 Finite element model of embankment of dam

Phreatic surface resulting from monitoring data
The main dam is instrumented with a good array of piezometers. The collected piezometer readings enable a prediction of
the phreatic surface and pore pressure distribution within the embankment (see Figure 5). Figure 5 allow comparison of
the results of seepage analysis of the above-mentioned seepage models with the field data inferred phreatic surface and
pore pressure distribution. Figure 5 shows reasonably steady state seepage condition in the upstream half of the core and
the effect of the drainage zone downstream and underneath the core, which causes the phreatic surface to bend back around
this zone.
The various seepage models were analysed with the same water level to compare predicted pore pressure distributions with
the observed condition. The storage level represents the upstream boundary condition, whereas the downstream boundary
condition is defined by the seepage exit points at the downstream toe.

Figure 5 Phreatic surface and pore pressure distribution with storage at RL 1146.38m

Results of the seepage (pore pressure) analyses
The results of seepage analysis of the saturated models (i.e. S1, S2, and S3) are shown graphically in Figure 6 to Figure 8
Saturated seepage models
Figure 6 demonstrates the pore pressure and phreatic surface when the whole model including essential and unessential
components have been considered in pore pressure analysis. The results show that the pore pressure distribution and
phreatic surface are different from the pore pressure distribution and phreatic surface shown in Figure 5, suggesting that
this model is unconservative. It means that the phreatic surface is at lower level compare to Figure 5, which will lead to
lower pore pressures in the downstream slope resulting in higher factors of safety for slope stability.
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Figure 6 Pore pressure distribution and phreatic surface resulting from analysis of Model S1 (the whole dam is
modelled)

Figure 7 shows the pore pressure distribution and phreatic surface when inessential components in the downstream part of
the embankment are omitted in the seepage analysis. In this model, zone 1A was assumed to be an essential component
because generally it is not categorised as a completely free draining zone. The pore pressure distribution and phreatic
surface resulting from this model follow the monitoring data but are unconservative.

Figure 7 Pore pressure and phreatic surface resulting from analysis of Model S2 when only the essential
components are included in the model

Figure 8 shows the pore pressure distribution and phreatic surface when inessential components in the seepage model have
been omitted. In this model zone 1A has been considered an inessential component. Compared to the other saturated models
the pore pressure distribution and phreatic surface resulting from this model match relatively better to the pore pressure
distribution and phreatic surface based on the monitoring data which is more conservative than phreatic from monitoring
data.

Figure 8 Pore pressure and phreatic surface resulting from analysis of Model S3 when inessential components
including Zone 1A were omitted from the model.
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Unsaturated seepage models
The results of seepage analysis of the unsaturated models, U1, U2 and U3, have been presented graphically in Figure 9 to
Figure 11
Figure 9 illustrates the predicted pore pressure distribution and phreatic surface inside the embankment dam using
unsaturated parameters (Model U1). In this model, all components of the embankment are included in the seepage model
and the resulting phreatic surface is similar to the phreatic surface based on the monitoring data. The reason of different
results between saturated and unsaturated models is that in unsaturated analysis suction affects the permeability, which has
a considerable effect on the results, but in saturated analysis the permeability is constant and do not change with negative
pore pressure.

Figure 9 Pore pressure distribution and phreatic surface resulting from analysis of Model U1

Figure 10 shows the predicted pore pressure distribution and phreatic surface from the analysis of model U2 that has the
rockfill and drainage material, referred to as inessential components, removed. The results of analysis of model U2 are
relatively similar to those of Model U1, and match well with the pore pressure distribution and phreatic surface based on
the monitoring data.

Figure 10 Pore pressure distribution and phreatic surface resulting from analysis of Model U2 with the downstream
rockfill and drainage materials removed from the model

Figure 11 shows the pore pressure distribution and phreatic surface from the analysis of model U3 which has all inessential
components removed. This model is very similar to the model S3 and the results match well with the monitoring data.
However, comparatively, the results of seepage analysis of models U1 and U2 achieve better match with the monitoring
data than model U3.

Figure 11 Pore pressure distribution and phreatic surface resulting from analysis of Model U3 with downstream
rockfill, drainage materials and Zone 1A removed from the seepage model
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Conclusion
Based on the results from the analyses of the various saturated and unsaturated seepage models and comparing
them to piezometer monitoring data, the following conclusions can be drawn:
i.

Saturated models are not always more conservative than unsaturated models and might produce unsafe predictions. It
means that sometimes the resulting phreatic surface from saturated analysis is lower than actual situation, which leads
to higher safety factors for downstream slope stability.

ii.

In the seepage analysis of saturated models the inessential components of the dam should be omitted from the seepage
model and seepage analysis should be done only on those essential components of the dam which have an effect on
seepage. This result confirms the traditional approach of omission of inessential components of a seepage model. This
recommendation also has been advised by SEEP/W manual.

iii.

In saturated analysis, if a permeable zone has the capacity to freely drain the seepage, it should be considered as free
draining and inessential component in seepage model.

iv.

The unsaturated seepage model provided more reliable prediction of pore pressure distribution and the phreatic surface,
which matched closely with the monitoring data. In reality, unsaturated zone exists around phreatic surface then suction
will affect the permeability of material and ignorance of mentioned effect of suction on permeability (unsaturated
behaviour) will change the results.

v.

If an unsaturated model is used in a seepage analysis, it is better to include all the components of the embankment in
the seepage model.
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