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Abstract

In a homogeneous earth fill dam, an initial process of internal erosion was observed near
the base of the downstream slope, which is one of the main dam failure causes in the world.
This problem was adequately solved, and research was started aiming to find the causes
of the detected anomaly. The history of the structure was investigated, field testing results
were analyzed and undisturbed samples were collected in different regions of the dam.
Characterization tests, saturated permeability coefficients tests under different effective
stresses and flow directions, and Filter Papel tests were run. Results were incorporated into
computational models to investigate the behavior of hydraulic gradients and the height of
the exit point of the phreatic line defined on the basis of monitored piezometers installed
at the site. The software Plaxis LE was used in this study. It was evaluated whether the
adoption of unsaturated parameters or 3D analysis would promote any change in the flow
pattern in the studied structure, which did not occur. It was also considered whether the
soil-atmosphere interaction could generate critical hydraulic gradients through rainfall
and evaporation cycles, but there were no critical results either. Finally, it is concluded
that effects of natural vegetation previously found in Dam X may have led to the observed
internal erosion process. These somewhat unusual findings are relevant for improving
the understanding of vegetation impacts on earth dam safety and can help guide future
monitoring and, particularly, maintenance practices to prevent similar issues in other
similar earth fill dams.

1. Introduction

Considering exclusively water-retained structures,
several authors discuss which soil properties may contribute

Internal erosion has been considered one of the most
common dam failure modes. Considering exclusively
water-retained structures, Foster et al. (2000) mention that
46.1% of dam failures until 1986 were caused by internal
erosion processes. This failure mode occurs when flux lines
concentrate near a small region, leading to an increase in
hydraulic gradients, i (Foster & Fell, 1999; Fell et al., 2003;
Taher & Alshibli, 2015). Considering embankments built
to retain non-inert solids or liquids, eventual failures due
to internal erosion are also to be expected. In these cases,
however, processes are not necessarily related to increased
hydraulic gradients, but to the chemical characteristics of the
flowing fluid (e.g. high or low pH) through poorly protected,
or even unprotected, upstream slope of the embankment (e.g.
Mungan, 1965; Suarez et al., 1984; Moncada et al., 2005;
Carvalho et al. 2006; Xu et al., 2020).

to the generation of an internal erosion process (piping
processes). Perry (1975) evaluated that until late 1950s,
engineers believed that resistance to erosion was associated
with soils’ intrinsic parameters and constructive methods.
Sherard (1953) studied the influence of the plasticity index
and evaluated that resistance to internal erosion increases
when plasticity increases. De Mello (1975) and Foster & Fell
(1999) pointed out that internal instability is more susceptible
to occur in gap-graded soils or well-graded soils with smooth
gradation but a flat tail in the fine portion (silty and clay).
It is also well known that dispersive clays are prone to piping
development (Sherard et al., 1976; Turgut et al., 2017).
Practical methods based on filter criteria as first proposed
by Terzaghi (Terzaghi et al., 1996) to evaluate soil internal
instability, and its potential to develop an internal erosion
process have been put forward by several authors (e.g. Kezdi,
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1979; Sherard, 1979; Vaughan & Soares, 1982; Kenney &
Lau, 1985; Li & Fannin, 2008; Delgado-Ramos et al. 2012).

This article investigates the possible causes of an initial
internal erosion process found in an earth fill dam, whose
reservoir is used for water supply in a Brazilian industrial site.
During a visual inspection, a region on the downstream face
of the dam, located at approximately 1/3 of the dam height
(from its toe), was observed to be saturated. Furthermore, it
was verified occurrence of fine particles being carried away
by seepage in the drainage system installed at the downstream
slope toe of the dam.

2. Materials and methods

2.1 Study dam

The main structure herein considered, named Dam X,
comprises a 9 m high, some fifty years old, homogeneous
earth dam. Its crest is Sm wide. It supports an operational
water volume of approximately 160.000 m* and it has an “L”
format in the horizontal plane (Figure 1) with some 175 m
in its front (South) and some 155 m in its lateral part (East).
Downstream slope inclination is 1(V):2(H), while upstream
slope is 1(V):3(H).

No detailed or even basic design documentation for Dam
X was identified. Only some photos taken between December

1970 and June 1972, when construction took place, were made
available by the owners of the site (see Figure 2). Based on
these photos and information provided by old employees from
the industry, it was possible to identify that a cutoff excavation,
with internal slopes of 45°, estimated to be 10 m large and 3 m
depth, was introduced at the south end of the embankment.

Dam X was constructed within a rainforest environment,
in a valley surrounded by mountain cliffs. As the structure
was built over an original course of a stream, an outlet pipe
was built bellow the south embankment, and a side channel
uncontrolled spillway was introduced upstream of the formed
reservoir (see Figure 1).

In 2015, Dam X’s downstream slopes were covered by
vegetation by the lack of proper maintenance procedures for
the structure (Figure 3). As discussed later, such an aspect
may have a relevant role in the already mentioned observation
of fine particles being carried away in the drainage system
installed at the downstream slope toe of the dam (Figure 4).

Although not discussed in the present work, it is relevant
to mention that the observed problem was solved in 2020 by
introducing an inverted filter and a drainage system at the
downstream slope toe.

2.2 Investigations and monitoring data

Field investigations comprised SPT and hand auger
boreholes, execution of trenches with block sampling, and
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Figure 1. Plane view of Dam X.
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Figure 2. (a) Dam X construction, using only soil available at the site; (b) and (c) Cutoff excavation; (d) Dam X upstream view in

August 1972.

installation of instrumentation at the points shown in Figure 1.
These investigations indicated a relatively homogeneous
section for Dam X. The Dam foundation comprises a granite-
gneissic residual soil, described as a medium to fine silty sand.

Undisturbed block samples were collected at different
depths of the embankment and near the point where seepage was
carrying fine particles (spot point - refer to Figure 1). Laboratory
investigations comprised conventional characterization tests
following Brazilian Standards (ABNT, 2016a, b, ¢, 2017,2018),
which are similar to corresponding US standards; saturated,
constant head flexible wall permeability tests (based on Head,
1994) and soil moisture retention or soil-water characteristic
curve using the filter paper technique (ASTM, 2016).

2.2.1 Soil characterization
Table 1 shows the results of characterization tests

performed on the material retrieved near the spot point. These
results are, on average, representative of those of the other

Figure 3. Dam X’s downstream slope covered by vegetation, in 2015.
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Table 1. Spot point soil characterization.

Sand (%)

G Gravel
Medium Fine

s (%) Coarse

Silt (%)

Clay (%) w, (%)  w,(%)  PL(%) A

¢

2.66 2.6 1.1 37.2 15.5

253

18.3 44.6 28.2 16.5 0.9

Figure 4. Evidence of fine particles being carried away in the
drainage system installed at the downstream slope toe of the dam
(photo taken in 2018).

points of investigation (De Carvalho, 2022). Such material
is classified in the USCS as a clayey sand (SC), with fines
showing a normal activity 4. Considering its grain size
distribution (Figure 5), it does not represent a gap-graded
soil. Furthermore, results of chemical analysis developed at
PUC-Rio on materials similar to that herein considered (e.g.
Oliveira, 2006), have shown that bivalent cations are essentially
associated with their finer fraction, which indicates that it is
little or no susceptible to dispersivity (Keaton, 2018). So, in
principle, it can be considered that this soil is not susceptible
to natural internal erosion processes.

Table 2 shows average physical indexes of undisturbed
tested samples retrieved at different depths and near the
spot point of Dam X. It can be seen that physical indexes at
the spot point are similar to those obtained from different
parts of the Dam. However, while the landfill, as a whole, is
unsaturated (S= 78.6%) the spot point is close to saturation.
Thus, considering the spot point, the critical hydraulic gradient
(i), defined as the ratio between the specific weights of the
water and of the submerged soil has been computed as 0.93.

2.2.2 Permeability

Horizontally and vertically molded specimens were
used to determine the saturated permeability of the block
samples taken from different depths of the dam (Table 3).

At the spot point, the saturated permeability coefficient
was determined from specimens molded under three
orthogonal directions: horizontal, aligned with the dam axis
(Longitudinal) and transverse to dam axis (Transversal),
and vertical. For each direction, tests were run under three
different effective stresses: 10, 50 and 100 kPa, and their
average was obtained (Table 4).

2.2.3 Soil-water retention curve

Figure 6 shows the soil-water retention curve (SWRC)
obtained, which presents a unimodal pattern. The fitting
curve adjusted to the laboratory data was based on Fredlund
& Xing (1994).

2.3 Seepage analyses

2D and 3D seepage analyses, considering unsaturated
materials and permanent and transient regimes, were performed
using the software Groundwater of Plaxis LE from Bentley
Systems. In the 2D analyses, a cross-section of Dam X was
modeled considering an upstream slope with an inclination
of 1(V):3(H) and the downstream slope with an inclination
of 1(V):2(H). Foundation soil was modeled with a thickness
of 4 m. In 3D analyses, a digital terrain model was created
with Plaxis Design software based on previous topographic
studies of the region, see De Carvalho (2022) for details.

Including the third dimension in seepage analyses
demands a permeability value for each direction. The software
requires the X-axis permeability (in this paper considered
to be horizontal and longitudinal to the dam axis), and two
anisotropy factors: one for the Y axis (also horizontal but
transversal to the dam axis) and another to the Z axis (vertical).
The adopted values are shown in Table 5.

The climatic data for the transient unsaturated analyses,
which are temperature, relative humidity, wind speed, solar
radiation and pluviometry, were collected from an INMET
(Brazil’s National Institute of Meteorology,) automatic station,
4 km away from Dam X (see De Carvalho 2022 for details).
Furthermore, unsaturated water conductivity functions were
defined based on Fredlund & Xing (1994) using facilities
included in the software Plaxis LE.

Finite element meshes discretization were evaluated, being
considered the ones in which no more changes in the phreatic
line occurred. Figure 7 shows adopted boundary conditions
used in the 2D and 3D analyses. Flow through the foundation
was not considered. Thus, upstream and downstream limits of
adopted impermeable boundaries were defined when they did
not affect anymore seepage results within the Dam.
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Figure 5. Grain size distribution curve of the soil at the spot point.
Table 2. Average in situ physical indexes at different depths and at the spot point.
w S
Sample G % Yo e _—
! (%) (KN/m®) (KN/m?) (%)
Variable depth 2.58 19.7 18.79 15.70 0.68 78.6
Spot point 2.66 26.1 18.91 15.00 0.74 93.4
Table 3. Permeability of samples taken from different depths of
the Dam. Fredlund and XingFit O Laboratory Results
k (108 m/s
Sample Depth (m) — ( ) : DiAS
Vertical Horizontal 040
1.5 25.7 20.3 =
£ 035
2.5 14.6 1.91 g
S 030
42 8.29 3.96 =
L 025
5.0 27.9 1.24 §
Average 19.1 6.85 o af = 2499.96
= 0.15 nf=0.74
£, |mf=260
Table 4. Average permeability test results at the spot point. § 0'05 Pr=20619.92
Kk (10% mis) Effective Stress (kPa) ’ AEV =190.14 kPa ()
sat 10 50 100 0.00
Horiy | Tramsversal 972 2.17 1.17 0.01 I 100 10000 1000000
M2 Longitudinal 4.03 0.42 0.18 Soil Suction (kPa)
Vertical 1.20 0.45 0.29

2.4 Dam instrumentation

Figure 6. SWRC laboratory data with Fredlund & Xing (1994)
fitting curve and adjusting parameters.

Dam X was instrumented with Casagrande piezometers

(PZC) and water level indicators (WL) (Figure 1). The pore
water pressure distribution in a section of the dam crossing
such a point was based on data from instruments located

near the spot point (Figure 8). The phreatic line reaches
the downstream slope of the Dam at a height of circa 3.0 m
above the toe of the downstream slope (Figure 8).
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Table 5. Saturated permeability values adopted for 3D seepage analyses.

Longitudinal Transverse Vertical Transverse Vertical .
Materials permeability permeability permeability anisotropy anisotropy Scenarios of
(X-axis) (m/s)  (Y-axis) (m/s) (Z-axis) (m/s) factor factor use
Varying with depth average 6.85x 10 6.85x 10°% 1.91x 107 1.00 2.79 1
o’=10kPa 4.00x 108 9.72x 10 1.20x 10 241 0.30 2 and 3
o’ =50kPa 420x10° 2.20x 10% 450x 10° 5.14 1.05 2
o’ =100 kPa 1.80 x 10° 1.20x 10 2.90x 10?0 6.32 1.57 2 and 4
Average Parameters 1.50x 108 435x 108 6.45x 10° 2.81 0.42 2
Foundation 3.69x 10 3.69x 10 3.69x 10 1.00 1.00 All
== == H=304m ====*= Free Drainage (SSA) or Free Drainage ~ ====== No Flux

Climate Conditions (Transient Analysis)

l ()

WL
PR o e oG W w T W w0 W M g & % e W e oESTRSEEE
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Figure 7. Adopted boundary conditions (a) 2D analyses, (b) 3D analyses.
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Figure 8. Pore-water pressure distribution in a section crossing the spot point, defined based on the site instrumentation, assuming a
saturated dam condition.
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2.5 2D analysis

To investigate the distribution of hydraulic gradient
through Dam X’s cross-section, three 2D seepage conditions
were analyzed: saturated steady-state flux, unsaturated
steady-state flux and steady-state and transient unsaturated
flux. As no differences were obtained in the steady-state
saturated and unsaturated flow analyses, only results under
unsaturated conditions are here presented.

Considering a steady-state unsaturated flux condition,
four different 2D scenarios were evaluated:

* Scenario 1: Analysis considering permeability
parameters from different depths (Table 3);

*  Scenario 2: Discrete permeability variation from
dam surface, adopting k_, at ¢” = 10, 50 and 100
kPa (Table 4);

*  Scenario 3: Homogeneous earth fill dam considering
k. ato’ =10 kPa;

*  Scenario 4: Homogeneous earth fill dam considering
k, ato” =100 kPa.

Also, a transient analysis was implemented to evaluate
whether the soil-atmosphere interaction on the downstream
slope could change Dam X’s seepage pattern. Two different
periods were analyzed: January and September of 2018. The first
was selected because it is historically the month with the
highest pluviometry index for the region. The second one was
chosen because it was when the carrying of fines process was
identified. It also represents the lowest rainy season at the site.

2.6 3D analysis

Scenarios 2 to 4 for 2D analysis were also considered
in a 3D configuration. Additionally, two new scenarios were
considered. The first (Scenario 5) aimed to evaluate the
possibility of having a material near the downstream slope toe
with a hydraulic conductivity that could lead to the occurrence
of critical gradients. For that, it was assumed the occurrence of
amaterial with a different permeability coefficient at a region
corresponding to one-third of the maximum height of the dam,
above the toe of the downstream slope. The second (Scenario
6) simulated the occurrence of a 1 to 4 m wide section, also
with variable permeability conditions, crossing the spot point
of Dam X. As no relevant differences were found, only results
related to a 1 m wide section are here presented.

Saturated permeability values in both scenarios were
varied as: (i) hydraulic isotropic material, (ii) horizontal
permeability fixed (as Table 3 average value) and vertical

Table 6. 2D steady-state unsaturated seepage analyses results.

varied, (iii) vertical permeability fixed (as Table 3 average
value) and horizontal varied.

3. Results and discussion
3.1 2D steady-state analyses results

Table 6 shows the height of the phreatic line exit
point (PLEP) and values of hydraulic gradient resulting
from the steady-state seepage analyses. The height of the
PLEP varies directly with the transversal permeability.
The highest value was found in Scenario 3, in which k, =
9.70x10® m/s. However, the same trend is not observed for
the hydraulic gradient. Considering only scenarios 3 and 4,
with homogeneous cross-sections, this parameter increases
while the permeability coefficient decreases.

Critical hydraulic gradients (values above 0.93) were
found at the dam slope surface. However, as put forwards by
Babu & Vasudevan (2008) and Bernatek-Jakiel et al. (2017),
such values may not be considered as representative due to
the presence of vegetation on the dam surface. So, hydraulic
gradients found at 15 cm deep from the dam slope surface
is hereby considered to be more representative for Dam X.
In that case, as indicated in Table 6, hydraulic gradients were
not critical and varied little, being higher for Scenario 3.

Referring to Table 5, even though Scenarios 1 and
4 have similar horizontal permeability parameters, the height
of PLEP and the hydraulic gradient distribution are different.
This can be explained by differences between vertical
permeabilities: on Scenario 1, the vertical permeability is
66 times higher than on Scenario 4. This shows the relevance
of considering aspects of permeability anisotropy in seepage
analyses. Considering the available Dam X instrumentation
data, Scenario 3 was the most representative concerning the
exit point of the phreatic surface (Figure 8).

Itis of interest to point out that the results of 2D analyses
indicated that FEM mesh size influences hydraulic gradient
values without any relevant effects on the position of the PLEP.
As indicated in Figure 9, as the mesh element area is reduced, the
maximum hydraulic gradient value increases. At the same time,
the height from the downstream slope at which such maximum
gradients occur increases with increasing mesh element areas.

Such a feature was observed by running tests using two
different software packs that employ FEM to solve numerical
analyses: Plaxis LE, from Bentley Systems, and Slide2, from
Rocscience. By considering flow nets, the definition of hydraulic

Scenario 1 2 3 4
Height of phreatic line exit point (PLEP) (m) 1.75 1.84 3.26 0.98
D . | Maximum value at the slope surface 0.61 1.00 1.26 1.60
ownstream s‘ope 10 cm above toe (superficial) 0.59 0.60 0.78 0.86
hydraulic gradient
15 cm deep from slope surface 0.55 0.46 0.57 0.56
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Figure 9. Maximum hydraulic gradient variation on downstream
slope surface versus FEM mesh discretization.

gradients based on finite element areas may be seen with care,
as such gradients are defined based on the distance between
two consecutive equipotential lines along a given flow line.

3.2 2D transient analyses results

As Scenario 3 was more credible to the situation indicated
by Dam X instrumentation, it was considered for the transient
analyses. The adopted initial pore water pressure distribution
is shown in Figure 8. Figure 10 shows the hydraulic gradient
variation at a point 15 cm deep of the downstream slope, near
its toe, with precipitation data for the months considered.

Throughout January 2018, the difference between
maximum and minimum gradient is around 0.04. This
parameter tends to increase when pluviometry increases.
The effect of rain on the analyzed parameter seems to be
lagged, but Figure 10 shows that gradients increase after rain
occur and decreases when there is lower or no precipitation.

In September 2018 there was a larger reduction of the
hydraulic gradient compared to results from January, with a
minimum gradient of 0.645 around the 13" day of the month.
After four subsequent rainy days, i rises until values close to
the initial condition, reaching its peak at 0.682.

Comparing the results of the steady state and the
transient 2D analysis for the climatic conditions considered,
rainwater infiltration at the downstream slope of Dam X did
not promote any relevant change in the flow pattern.

3.3 3D steady-state analyses results
Table 7 shows the hydraulic gradient distribution near

the downstream slope toe of Dam X and the height of the
PLEP obtained in the 3D analyses near the Spot Point.

Comparing Tables 6 and 7, the height of the PLEP is
similar. However, the 3D approach generated, in general,
around 4% lower heights.

Regarding the hydraulic gradient, maximum values
found in 3D analyses were higher than in the 2D analyses.
Considering an elevation 10 cm above Dam X toe, 3D
results were some 5% higher. At a depth of 15 cm below
the downstream slope, 3D results are some 3% higher. Even
though, critical hydraulic gradients were not observed. Thus,
3D additional analyses were developed.

Figures 11 and 12 show how the height of the PLEP
and the hydraulic gradient varied with the assumed changes
in the saturated hydraulic conductivity for, respectively,
scenarios 5 and 6.

It can be seen in Figure 11a that the hydraulic gradient
on the downstream slope surface increases from 0.61, for k=
9.7x10°® m/s, to 2.22, for k_, = 4.0x10™"" m/s. Considering
a section crossing the spot point (Figure 12a), the gradient
fluctuates between 0.59 and 1.54. In both scenarios, at a point
15 cm deep, the hydraulic gradient behaves similarly to the
surface but with lower values. Critical gradients occur for
isotropic permeabilities lower than 1.2x10® m/s in Scenario
4 and 1.0x10° m/s in Scenario 5.

In Scenario 5, when critical gradients are generated
in-depth, the height of the PLEP varies less than 10 cm up to
hydraulic coefficients of the order of 10-* m/s. With increased
k., the PLEP height decreases exponentially (Figure 11a).
In Scenario 6, the height of the PLEP did not show any
relevant change (Figure 12a).

In Figures 11b, 11c¢, 12b and 12c, saturated
permeability values shown in Table 3 were used as reference.
In Figures 11b and 12b horizontal coefficient was fixed on
6.85x10® m/s and vertical permeability increased and decreased
by 1000 times, in steps of 10. In Figures 11c and 12¢ the
vertical coefficient was fixed on 1.91x107 m/s and horizontal
permeability was varied from 1.91x10* to 1.91x10""* m/s.

Figures 11b and 12b show pattern of curves similar to
those of Figures 11a and 12a. In Scenario 5 (Figure 11b) for
permeability coefficients higher than 1.0x107 m/s, hydraulic
gradients were kept around 0.5, both on the surface and in-
depth. If vertical permeability decreases, the gradient gets
higher and reaches 1.34, on the surface, and 0.81, in depth,
for permeability lower than 1.0x10° m/s. A similar response
is obtained in Scenario 6 (Figure 12b), with slightly lower
hydraulic gradients being obtained both on the surface and
at 15 cm depth.

The height of PLEP increases when the vertical
permeability decreases, reaching its peak at 2.56 m for
permeability coefficients lower than 1.0x10° m/s in Scenario
5 (Figure 11b) and at a higher height (1.5 m) in Scenario
6 (Figure 12b), for a permeability coefficient of 6.85x 10" m/s.

Figure 11(c) indicates that the phreatic line reached the
downstream slope surface at a height less than 0.5 m above
its toe, for a permeability ratio lower than 0.1 (representing
horizontal permeabilities higher than 1.0x10 m/s). The height
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Table 7. 3D steady-state unsaturated seepage analyses results.

Scenarios 2 3 4
Height of PLEP (m) 1.82 3.06 0.92
Downstream slope 10 cm above toe (superficial) 0.63 0.80 0.90
hydraulic gradient 15 cm deep from slope surface 0.48 0.58 0.59

Rain (Sep 2018) Rain (Jan 2018) ——i(Jan2018) ——i (Sep 2018)
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Figure 10. Hydraulic gradient variation throughout January and September of 2018 at a point 15 cm deep from the downstream slope
of Dam X, near its toe.
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Figure 11. Scenario 5: (a) Isotropic permeability variation influence, (b) Vertical permeability variation influence, (c) Horizontal
permeability variation influence.
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Figure 12. Scenario 6: (a) Isotropic permeability variation influence, (b) Vertical permeability variation influence, (c) Horizontal

permeability variation influence.

ofthe PLEP rises for higher anisotropy ratios, reaching 3.18 m
for horizontal permeability lower than 1.0x10° m/s (ratio
greater than 1.000 in Scenario 5). Hydraulic gradients kept
approximately the same value, both on the surface and in-depth,
around 0.55. On the other hand, variations in k, _in Scenario
6 indicated that the height of the PLEP reaches higher values
when horizontal permeability increases (Figure 12¢). Also,
hydraulic gradients get lower when horizontal permeability
decreases (and the anisotropic ratio increases).

3.4 Discussions

This work presents results of flow analyses in the Dam
X embankment, which shows an average degree of saturation
of 79%. Owing to this relatively high degree of saturation
and the relatively high air entry suction value of the Dam
material (order of 100 kPa, see Figures 6) it is not surprising
to have been verified that 2D analyses assuming the Dam fully
saturated (data not herein presented) provided essentially the
same results when considering the embankment unsaturated.
So, results shown in Figure 8, obtained assuming a saturated
dam, can be taken as representative of permanent flow
conditions developed at the site in the initially unsaturated,
homogeneous earth fill dam.

It has, however, to be noted that a unique laboratory
SWRC, obtained from vertically molded specimens under
zero confining stresses, was employed to simulate variable
conditions of effective stress consolidation and hydraulic

anisotropy. As reported by several authors, the SWRC
is affected by both such conditions (e.g. Vanapalli et al
1999; Habasimbi & Nishimura 2018; Roy & Rajesh 2018,
2019; Zhou & Chen, 2021; Jadar et al., 2023). However,
the shape of the SWRC typically does not change much,
particularly at higher degrees of saturation, with the saturated
permeability of the soil specimen being mandatory in most
cases. An example of that is given by Priono et al. (2017).
These authors evaluated effects of hydraulic anisotropy on
unsaturated soils and showed that the use of anisotropic
ratios defined based on the saturated soil is also applicable
to unsaturated soils as herein assumed.

Unsurprisingly, results showed that soil permeability
directly affects hydraulic gradient behavior and is likely
to increase when permeability decreases. This pattern can
be understood using flow nets with squares configuration.
Lower permeability coefficients generate a concentration of
equipotential lines, perpendicular to two consecutive flow
lines, defining a given distance (within two consecutive
equipotential lines) in a square of the flow net in which the
hydraulic gradient is being accessed. That causes a total
head decrease in a smaller distance, increasing gradients
(e.g. Norouzi et al., 2020).

Equivalent 2D and 3D seepage analyses considering
permeability coefficients from laboratory tests were not
able to justify an internal erosion process. Indeed, critical
hydraulic gradients were obtained only in view of the 3D
scenarios indicated in Table 8.
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Table 8. Scenarios resulting in critical gradients - isotropic conditions.

. ) Height of the
Scenario k (/s) ! PLEP (m)
5 4.0x10° 1.00 3.1
5 4.0x 10 1.17 3.18
5 4.0x 10" 1.19 3.20
6 40x 10" 0.95 1.81
6 4.0x10™ 0.99 1.81

Results related to the height of the PLEP in Scenario
6 (section 1 to 4 m wide along the spot point) can be
disregarded as they are not representative of the location
of the exit point of the phreatic line defined based on the
field instrumentation data. Considering Scenario 5 (region
corresponding to one third of the maximum height of the
dam from the toe of the downstream slope), it is shown that
a material with saturated isotropic permeability lower than
4x10° m/s would be required to lead to critical conditions.
As indicated in Table 3, saturated permeability of
samples taken from different depths of the embankment
was some 10 to 100 times greater than the one that could
promote a critical condition at the site (order of 10° m/s).
On the other hand, at the spot point (Table 4) vertical and
longitudinal saturated permeabilities obtained in tests under
50 and 100 kPa of effective stresses are of such order of
magnitude. However, further results of 3D analyses considering
anisotropy of permeability under ¢ = 100 kPa confirmed that
critical hydraulic conditions, under representative height of
the PLEP, would only occur in the case of Scenario 5.
Both 2D and 3D seepage numerical analyses indicated
that hydraulic gradients tend to increase when water flows
through a lower permeability material. Furthermore,
considering laboratory data, only in presence of a specific
compacted layer with isotropic or anisotropic permeability
(Scenario 5), critical hydraulic gradients would occur. It is,
however, difficult to accept that such a condition could have
been developed at the time the embankment was built. Thus,
it is hypothesized that the natural evolution of vegetation
throughout the years of operation of Dam X might have
had an important role in the observed piping phenomena.
Aubertin (1971) affirms that a soil in which a root has
grown and then rotted can sustain pipes with fines being carried
under a constant water flux. With that, however, it would be
expected to have increased vertical and horizontal saturated
permeabilities of the originally compacted material. On the
other hand, decomposition of organic matter from vegetation
and, particularly, increased soil suction provided by a growing
vegetation could imply in the occurrence of lower enough
permeabilities at a specific site. Although fortuitous, that could
explain the herein-obtained numerical results. No information
on these, particularly on the possibility of having anisotropy
in the horizontal plane, was found in the current literature.

4. Conclusion

This work was developed in an attempt to find possible
causes of fines being carried throughout an old, and with low
maintenance dam. The dam history was evaluated. Field and
laboratory investigations were performed, and extensive 2D
and 3D seepage analyses were developed.

Unsaturated water flow analyses were run considering
both field monitoring data, and results of laboratory tests.
It was verified that obtained saturated permeability coefficients
were not able to provide initiation of an internal erosion
process in the point of the Dam where occurrence of such
process was identified. Indeed, critical hydraulic gradients
were obtained only in 3D analyses considering saturated
permeability coefficients below 10° m/s.

Based on these findings, on the fact that Dam X
was covered by vegetation, including large trees, and in
agreement with a few literature data, it is proposed here that
the occurrence of somehow specific root distribution in a
section of the downstream slope may have generated a soil
with relatively homogeneous permeability coefficient lower
than 1.0x10” m/s, promoting the anomaly observed at Dam X.

Further research is required to support this conclusion,
including laboratory experiments such as pinhole tests to better
predict critical hydraulic gradient values under unsaturated
conditions; effects of organic debris content and its influence
on saturated permeability coefficients and investigation of
internal erosion resistance in presence of root systems.

Nonetheless, the analyses presented in this study provide
valuable insights into the complex interactions between
vegetation and internal erosion processes in earth fill dams,
highlighting the need for careful monitoring and maintenance,
especially in aging structures. Future research on the influence
of root systems, organic debris, and permeability variations in
dams will be essential for developing more robust guidelines
for dam management and erosion prevention. Studies such
as these may contribute to a broader understanding of dam
safety, not only improving local practices but also field
standards generalization.
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List of symbols and abbreviations

i Hydraulic gradient
i Critical hydraulic gradient
t Saturated permeability
m Fredlund & Xing (1994) Coefficient; material

f
parameter which is primarily a function of the

residual water content
n, Fredlund & Xing (1994) Coefficient; material
parameter which is primarily a function of the rate
of water extraction from the soil once the air-entry
value has been exceeded
Phreatic line exit point
a Fredlund & Xing (1994) Coefficient; material
parameter which primally related to the air-entry
value of the soil.

o’ Effective stress
L Suction at the residual water content
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