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Abstract

Internal erosion is the most common reason which induces failure of embankment dams besides overtopping. Relatively
large leakage is frequently concentrated at defects of impervious element, and this will lead to eventual failure. The amount
of leakage depends not only on integrity of impervious element, but also on dam height, shape of valley, shape of impervious
element and water level in reservoir. The integrity of impervious element, which represents the relative level of seepage safety,
is not easy to be determined quantitatively. A simple method for generalization of steady seepage state of embankment dams
with thin impervious element is proposed in this paper. The apparent overall value of permeability coefficient for impervious
element can be obtained by this method with reasonable accuracy and efficiency. A defect parameter of impervious element
is defined as an index to characterize seepage safety of embankment dams. It equals the ratio of the apparent overall value
of permeability coefficient to the measured value in laboratory for intact materials. Subsequently, seepage safety of three
dams is evaluated and the evolution of defect level of impervious element of dams is investigated. It is proved that the newly
proposed method in this paper is feasible in the evaluation of relative seepage safety level of embankment dams with thin
impervious element.

Keywords Embankment dams - Thin impervious element - Permeability coefficient - Defect parameter - Seepage safety
evaluation

Introduction

Embankment dams are generally constructed of earthfill and/
or rockfill due to technical and economic reasons (Novak
et al. 2007). According to the World Register of Dams by
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employed in existing embankment dams, particularly in
high embankment dams and reinforcement projects. Gener-
ally, there are two types of thin impervious elements. (1)
The first type is thin impervious element in which artifi-
cial materials are generally used. For instance, the surface
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membranes or central diaphragms are thin impervious ele-
ments with thickness ranging from mm-order to m-order,
for which artificial materials such as asphalt, concrete or
geomembrane are employed. The maximum thickness of
concrete face of 233-m-height Shuibuya Concrete Faced
Rockfill Dam (CFRD) is 1.1 m; meanwhile, the maximum
thickness of concrete cutoff wall of 240 m-height Chang-
heba earth core rockfill dam is 1.4 m. Changheba earth core
rockfill dam is 1.4 m. (2) The second type is thin impervi-
ous element in which nature materials are employed. The
central and inclined earth cores are also classified into thin
impervious elements according to Hunter and Fell (2003),
if the core width increases at less than or equal to 0.5 times
the vertical distance below the crest, i.e., both upstream
slope and downstream slope are less than or equal to 1:0.25
for central cores. Most constructed high earth core rockfill
dams (ECRD) have thin earth core, such as 300-m-height
Nurek ECRD in Tajikistan, 265-m-height Nuozhadu ECRD
in China, 262-m-height Manuel Moreno Torres (Chicoasén)
ECRD in Mexico and 260-m-height Tehri ECRD in India.

Some embankment dams built on overburden have anti-
seepage systems with a combination of thin impervious
element in the embankment and concrete cutoff wall in
overburden which may connect to grouting curtain in bed
rock. Also, the combination itself forms a generalized thin
impervious element.

Internal erosion or piping which is associated with
migration of fine particles is one of main failure modes of
embankment dams besides overtopping (Penman 1986).
It accounts for about 39% of embankment dam failures in
China (Chen 2012), and it is also responsible for about 37%
of embankment dam failures abroad (Foster et al. 2011).
Rational evaluation of leakage and early judgement for the
initialization and development of the internal erosion and
piping are necessary for providing warning and treatment
which may reduce the casualties, postpone dam failure and
even avoid dam breach. Thus, a simple approach is proposed
in this paper to evaluate the seepage safety of embankment
dams with thin impervious element including CFRDs.

Exploring the seepage safety evaluation
method according to leakage monitoring
data

Difficulties in evaluation of internal erosion
and piping in high embankment dams

For the impervious materials such as soil, hydraulic gradient
is usually employed to indicate internal erosion and piping,
as expressed in the regulations of many nations (USACE
1993; China NDRC 2007). Nevertheless, hydraulic gradient
is a value at scattered points, which does not indicate erosion
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and piping phenomena along a successive path. Irrespective
of the fact that reliable criterion of internal erosion failure
for geostructures such as embankment dams is under inves-
tigation, continuously distributed numerical modeling for
hydraulic gradient field is required for judgement.

Theoretically, the numerical model can be obtained
through back calculation of monitoring data. For most high
embankment dams, pore pressure or water head at different
positions and the leakage from some parts of embankment
dams can be monitored. Nevertheless, both quantity and
quality of the monitoring data may be limited because of
the complexity in actual conditions. Steady state seepage
is rarely reached in embankment dams due to the variation
of water level with time. Moreover, water head distribution
and leakage at a specific time are relevant to water level
revolution history which is not easy to trace. Unsaturated
state other than saturated seepage in the impervious element
and ambiguous boundary conditions on downstream slope
of the impervious element also increase the difficulty level
of analysis. Therefore, the establishment of representative
numerical models is time consuming and even hardly to
achieve.

There is lack of practical methods to evaluate the leakage
and possibility of internal erosion and piping dynamically,
particularly for embankment dams other than CFRDs.

Studies on leakage estimation in embankment
dams

Internal erosion or piping of embankment dams usually
occurs in a progressive way. It takes time for the leakage
to develop. Increasing leakage always reflects the trend of
internal erosion or pipping in embankment dams (Fell et al.
2003). It may be a good choice to use leakage to identify
the possibility of internal erosion or piping of embankment
dams. However, due to varied heights and distinct valley
shape, different impervious element materials, disparate
thickness and various thickness profiles of impervious ele-
ment, leakage value itself may not be employed directly to
evaluate the possibility of internal erosion and piping.
Casinader and Rome (1988) proposed a simple method
for CFRDs to estimate the expected leakage through con-
crete face. The geometry configuration of the CFRD was
simplified in their method. The profile of the valley was
approximated to a triangle, and hence the elevation of con-
crete face was simplified to a triangle also. The slope of both
sides of face slab was uniform, and the incremental thickness
of face slab was kept constant for per meter depth from the
crest. The full supply level of the reservoir and the crest level
of the dam were also assumed to be identical. Although it
was not declared explicitly by Casinader and Rome (1988),
water pressure head was assumed to fall evenly along thick-
ness. Analytical formula of the relationship between leakage
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and coefficient of permeability of face slab was subsequently
established. The coefficient of permeability in this formula
is not that of contact concrete but an apparent overall value
including the effect of crack and defect of sealing of joints.
It was also suggested to obtain coefficient of permeability
value from existing dams where appropriate parameters were
known. The relationship between leakage and coefficient of
permeability proposed by Casinader and Rome (1988) was
actually a simplified description of the steady seepage pro-
cess of CFRD. It was originally used to predict the leakage
amount from CFRD. It reveals a possibility to develop meth-
ods to model the leakage, which may be used in evaluation
of possibility of internal erosion and piping.

Study in this paper

Actual profile of the valley is usually irregular. If the lon-
gitudinal section is not V-shaped, relatively large error may
be introduced in calculation. Besides, the profile of impervi-
ous element of embankment dams other than CFRDs may
be much more complicated than the simplification done to
CFRDs. For CFRDs, both transverse section and longitudi-
nal section or elevation (front view) are simplified, e.g., the
cross section and longitudinal section of Hyttejuvet embank-
ment dam in Fig. 1. The method proposed by Casinader and
Rome (1988) may be inapplicable to embankment dams
other than CFRDs.

For embankment dams other than CFRDs, because of
low permeation resistance of impervious element and low
drainage capacity of supporting element, it is concerned
that leakage through the impervious element is detrimental
to the dam’s safety. Therefore, it is important to evaluate
the leakage and possibility of internal erosion and piping
dynamically. Meanwhile, it is required to carry out the rel-
evant calculation in a quick and simple way.

A more elaborated approach to calculating the leakage
by numerical integration or direct integration is proposed
in this paper. In this approach, simplicity is not discarded
and fewer idealizations are introduced. Arbitrarily shaped
transverse section and longitudinal section of the impervious
element can be dealt with. Diverse permeability coefficient

Fig. 1 Typical sections of Hyt- (6)<7745.00 P
tejuvet earth core embankment N
dam (after Penman 1986) o °
5)
(3)/ (1| 3)
4) (2)

cross section

values at different elevations are considered. The apparent
overall value of the coefficient of permeability is obtained
by back calculation from leakage. In the back calculation,
steady seepage is assumed to be achieved. Instead of finite
element analysis which is time consuming and complicate,
this approach can provide the back-analysis value of appar-
ent overall permeability value with reasonable accuracy and
speed. Meanwhile, the computation results by the newly pro-
posed simple approach show remarkable agreement with
those by finite element analysis.

Furthermore, a defect parameter is introduced in this
paper for embankment dams with thin impervious element
to denote the integrity of the impervious element and the
possibility of internal erosion and piping. The defect param-
eter is defined as the ratio of apparent overall value of the
coefficient of permeability to design value of intact impervi-
ous materials.

The application of the approach to evaluating the leak-
age is also shown in this paper. The approach is feasible,
and the defect parameter is a suitable index to character-
ize the relative level of seepage safety, or possibility of
internal erosion and piping, not only for CFRDs but also
for embankment dams with thin impervious element. Since
the calculation can be conducted in a quick and unmanned
way, the approach is suitable for dynamic safety analysis by
computer.

Simple approach to estimating leakage
through impervious element

Fundamental simplifications and idealizations

The concept and range of thin impervious element
in accumulation of seepage flux

Idealized cross section and transverse section of thin imper-
vious element in an embankment dam are shown in Fig. 2.
Generally, any part of geostructures with small thickness in
embankment and foundation can be named as thin impervi-
ous element, provided that the coefficient of permeability of

(7)< 749.00

(1)

longitudinal section of impervious element

(1) earth core wall (2) sandy (3) gravel (4) tunnel muck

(5) rockfill shells (6) normal water level (7) crest elevation
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that part is much lower than that of other parts, and most of
hydraulic gradient is concentrated in that part.

It is often difficult to differentiate leakage from each part
of generalized impervious element in practice, except for
asphaltic concrete face dam in which membrane seepage is
measured separately. Each part of the generalized impervi-
ous element, such as curtain, cutoff wall, earth core, can
be taken into consideration in the proposed approach, by
assuming that the contribution to total leakage of that part is
not neglected and that the leakage from that part is actually
monitored in total leakage.

However, the reasonable permeability coefficient of
“contact” curtain is often not available, because of the com-
plexity in grouting executing and in geological conditions.
Moreover, the leakage through the curtain is often not meas-
urable in practice. Hence, the leakage through curtain is gen-
erally not included in analysis. For most cases, only leakage
through embankment and overburden (the leakage from bed
rock is not considered) is incorporated in the approach.

Pore water pressure distribution in impervious element
may be complicated at the position where elevation exceeds
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reservoir water level. If reservoir water level is kept low for a
long time, water pressure in these places may turn negative.
Nonetheless, reservoir water level is always changing. On
account of that the permeability coefficient of impervious
element is relatively low enough, and even much lower at
unsaturated state, it is assumed that no seepage flux occurs
outside impervious element above reservoir water level.
Therefore, this part of impervious element is not considered
in the analysis.

Generalization of seepage field in embankment dams

First, it is assumed that water head loss does not drop in
supporting zone with high permeability but concentrate in
thin impervious element. Second, Darcy’s law is assumed
to be applicable for seepage in thin impervious element.
Hydraulic gradient along seepage path in thin impervious
element is kept constant. Moreover, the flow through the
concrete is laminar. Third, pore water pressure values at
downstream surface of impervious element are assumed to
be equal to zero. Thus, water heads at downstream surface
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of impervious element equal elevation. It is implicated that
downstream surface of impervious element is not potential
but definite seepage boundary. Furthermore, according to the
assumption that impervious element is thin enough, seepage
directions are assumed to be orthogonal to medial surface of
impervious element.

Definitions

Cartesian coordinates are introduced, with x-axis positive
direction pointing from left bank to right bank of river val-
ley, y-axis positive direction from upstream to downstream,
z-axis positive direction from lower elevation to high
elevation.

A bottom-to-up non-straight direction tangential to
medial axis (in any transverse section) of impervious ele-
ment is defined as the length coordinate of “/.”

As shown in Fig. 2, the thickness of impervious element
at length coordinate / along the orthogonal directions of
medial axis is defined as LY (/), a function of length coordi-
nate ”/.” The width of impervious element along the axis of
the dam at length coordinate / is defined as WX (/).

Upstream reservoir water level is H,,, and the downstream
oneis H,.

Calculation of leakage from homogeneous
impervious element

The impervious element is divided into several thin strips
which are horizontal in x direction (dam axis direction). The
cross section of each strip is parallelogram with its long
side parallel to assumed seepage direction, i.e., the direction
orthogonal to medial surface of impervious element. Sup-
pose the height of each thin strip is dz (length is d/) and the
elevation at bottom of the strip is z (the length coordinate
equals /).

If downstream side of the strip is above the downstream
level, i.e., H; — z < 0, the water head loss in the strip equals
(Hu — z).If it is under the downstream level, i.e., H; — z > 0,
the water head drawdown in the strip equals (Hu -H d). The
function H(/) is introduced to denote the water head loss of
the strip at length / (at height z), and then

H()=H,-z(),if (H;—z) <0

H()=H, - H,, if (H;—z) 2 0. v

The average hydraulic gradient in that strip can be com-
puted as
i=H()/LY(]). )

If the permeability coefficient is not the same at different
elevations, let k(/) indicate permeability coefficient in the

thin strip, hence leakage from the thin strip of the impervi-
ous element is

dQ =k() - HU)/LY() - WX() - dl 3)
Leakage through the whole impervious element can be

calculated by integrating Eq. (3) from the bottom of the
impervious element to upstream water level

Iy,
Q= [ k()-HD/LY(D)- WX(D) - dl “

lowest

where [}, 1 the length coordinate at bottom of impervi-
ous element, [;; is the length coordinate at the elevation H,,.

Calculation of leakage from inhomogeneous
impervious element

If there are multiple parts (in total n parts) of impervious
element, the seepage discharge can be integrated as

I 1 ln2

0= / k, (D) o0 WX(l) - dl + / ky(D) o0 WX(l) - dl +

Dowest H

I,

+ / k(D) - [IY—((ZI)) SWX() - dI

by

&)

ki, (D), ky(D), k;(I) and k,(I) are the permeability coefficient at
the 1st, 2nd, ith and nth parts of the impervious element.
Iy Uy, Iy and Iy are the length coordinates at top of the
Ist, 2nd, ith and (n — 1)th parts of the impervious element,
respectively. If there is concrete cutoff wall in impervious
element, then /. is the length coordinate for the lowest
point of the wall.

Validation of the proposed approach

The proposed approach is validated. The calculated results
of steady state leakage discharge at specific upstream and
downstream water levels by recommended simple approach
and by three-dimensional finite element analysis (FEA)
through ABAQUS software are compared. Two cases of
different dam types are analyzed.

The first case is earth core rockfill dam of Nuozhadu with
the height of 261.5 m. The typical cross section and longitu-
dinal section are shown in Fig. 3. Crest length of the dam is
627.9 m. The top width of earth core is 10 m. Slope ratio of
upstream and downstream surface of core is 1:0.2.

The second case is concrete-faced rockfill dam of San-
banxi with the height of 185 m. The typical cross section
and front view are shown in Fig. 4. Crest length of the dam
is 423.75 m. Slope ratio for the upstream surface of face slab
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Fig.3 Typical sections of
Nuozhadu earth core rockfill

dam (after Kunming Engineer- AN

ing Corporation Limited 2006)
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Fig.4 Typical sections of
Sanbanxi CFRD (after Zhu
et al. 2009)
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/

frond view of central plane of face slab

(1) concrete face slab (2) rockfill (3) normal water level
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Table 1 Comparison of the

No. Water level
calculated results between

Result comparison

simple approach and finite Upstream (m) Downstream (m) Seepage discharge calcu-  Seepage discharge Simple
element method for Nuozhadu lated by simple method calculated by FEM method to
earth core rockfill dam (L/s) (L/s) FEM
806.1 609.5 14.04 13.26 1:0.944
777.0 589.2 8.85 8.20 1:0.926
3 744.6 560.0 5.03 4.64 1:0.963
Table 2 .Comparison of No. Water level Result comparison
calculation results between
simple method and finite Upstream (m) Downstream (m) Seepage discharge calcu-  Seepage discharge Simple
element method for Sanbanxi lated by simple method calculated by FEM method to
concrete-faced rockfill dam (L/s) (L/s) FEM
476.2 325.8 0.121 0.123 1:1.016
446.8 325.8 0.0724 0.0697 1:0.963
3 430.4 297.0 0.0533 0.0493 1:0.925

is 1:1.4. The thickness increases linearly with the decrease
in the altitude. The value of the thickness is 0.3 and 0.913 m
at top and bottom, respectively.

The abutment slopes are not constant for both dams.
Shape of impervious element cannot be expressed ana-
lytically. Seepage discharge can be calculated by numeri-
cal integration according to Eq. (5). Let the permeability
coefficient of earth core of Nuozhadu and concrete face of
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Sanbanxi is 1 x 107> cm/s and 1.3 x 10~ cm/s, respec-
tively. The comparisons between suggested method and
finite element analysis are shown in Tables 1 and 2. The
results obtained from suggested method show good agree-
ment with those by ABAQUS software. The differences
are less than 10%, indicating that the suggested simple
approach is feasible in steady state seepage analysis with
adequate accuracy.
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Definition of defect parameter of impervious
element as index of seepage safety

Calculation of apparent overall value
of permeability coefficient for impervious element

Apparent overall value of permeability coefficient k., for
impervious element is back-analysis average value of per-
meability coefficient according to measured actual leakage
flux Qs (Hu, Hd).

For homogeneous impervious element, apparent overall
value of permeability coefficient can be simply calculated as

Iy,
overall Qms( d)/l / H(l)/LY(l) . WX(I) -dl. (6)

For inhomogeneous impervious element, apparent overall
value of permeability coefficient is calculated as

lH1 l”z
koverall = Qms (Hu’Hd>/ l f H(l)/LY(l) : WX(I) -dl+ f H(l)/LY(l) : WX(Z) ~dl+ -

lowest H|

impervious element equal to laboratory test values of intact
standard samples.

Iy,

Qref(Hu’ Hd) = /

Ilowes(

H()

k - WX() - dl
1—test LY(l) ()

Ly,

H().
/ b Ty WX+ (10)

Iy,
ZHM
H()
k - WX() - dl
+/ n—test * LY(l) ()
Lot

ki _test> ko—tests Ki_esr and k,_ are the reference values of

permeability coefficient at the Ist, 2nd, ith and nth parts of

IH”
+ f HO/LY() - WX -dI|. (D)

lanl

Calculation of defect parameter of impervious
element

Defects always exist in embankment dams and enlarge
the seepage flux. Relative large seepage flux, which is fre-
quently concentrated rather than dispersed uniformly in
whole impervious element, often leads to internal erosion
and eventual failure. Although it is difficult to find out where
the defection is, high seepage discharge and high apparent
overall value of permeability coefficient do represent a status
of relative unsafety.

Furthermore, a parameter R named defect parameter of
impervious element is introduced to describe the non-integ-
rity status of impervious element. For homogeneous imper-
vious element with a single value of permeability coefficient,
defect parameter R is defined to equal the ratio of apparent
overall value of permeability coefficient to measured value

k.. by laboratory test of intact standard sample

R = Koveran/Kiest- (8)

Inhomogeneous impervious element may be divided into
multiple parts with different coefficients of permeability. As
an alternative solution, defect parameter R is also defined to
be the ratio of measured actual leakage flux O, (Hu, Hy)to
reference seepage flux Qret( s Hd).

R=Qms(H Hd)/Qref(H H) (9)

Reference seepage flux Q,.¢(H,, H,) dictates the relation-
ship between seepage discharge and water levels at upstream
side and downstream side if the permeability coefficients of

impervious element, which is measured by laboratory test
for intact standard sample.

In practice, Qy.¢(H,, H,) can be pre-calculated if the
designed or constructed configuration of embankment dam
is determined. Then, rapid seepage safety level evaluation
with low requirement for operator is achievable.

Application of the proposed simple
approach

Sanbanxi CFRD

Sanbanxi CFRD in China is selected as an example, which
has been put in service since 2007. Its details are shown
above. Monitored seepage discharge and water level from
2006/06 to 2009/12 are introduced in analysis as shown in
Fig. 5. (Zhu et al. 2009; Deng et al. 2015). Impermeabil-
ity grade of slab concrete is W12 according to the relevant
Chinese regulations, and the laboratory test permeability
coefficient for concrete of face slab should be less than
(1.3-2.6) x 107° cm/s (NEA of China 2009; Yao 2011).
Thus, the corresponding test value of permeability coeffi-
cient k. can be chosen as 1.3 x 10~ cm/s.

The defect parameter of impervious element at every cal-
culation point of water level is figured up by the proposed
simple approach, as illustrated in Fig. 6. Before the concrete
face was damaged in July 2007, defect parameter was kept
steady. After concrete face was damaged, defect parameter

@ Springer
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increased rapidly. The highest value reached about 9 times
its original value. After reinforcement of the concrete face
slab, defect parameter decreased to about 4 times its origi-
nal value. But the reparation may be not thorough, defect
parameter remained at 2000 which is much bigger than that
before June 2007.

Campos Novos CRFD

The Campos Novos CRFD in Brazil is taken as another
example. Its height is 202 m. The typical cross section and

@ Springer

front view are shown in Fig. 7. Crest length of the dam is
590 m. Slope ratio for the upstream surface of face slab is
1:1.3. The thickness of the concrete face varies from 0.30
to 1.00 m as equations below.

t=030+0.002H (m), if H<100m
t=0.005H (m), ifH> 100m. an

The concrete face was damaged in 2006. And it was
reinforced and refilled on November 26, 2006. Seepage
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Fig.7 Typical sections of
Campos Novos CFRD (after )y
Antunes et al. 2007) n S

(3)7.600.00 .

cross section

(4) <7 666.00
(5 22660.50

—_ N )

frond view of central plane of face slab

(1) concrete face slab (2) rockfill (3) normal water level

(4) crest elevation (5) concrete face crest elevation

discharge was kept growing with filling process. Moni-
tored seepage discharge and water level during filling pro-
cess after reinforcement of face slab are shown in Fig. 8
(Antunes et al. 2007).

If test value of permeability coefficient k. of concrete
face slab is assumed to be 1.3 x 10~° cm/s, revolution of
defect parameter can be calculated by the suggested simple
approach, as illustrated in Fig. 9.

It should be noted that the changing trend of seepage dis-
charge and that of defect parameter are not synchronous.
There are two times of increasing of defect parameter during
filling stage. The defect parameter tended to descend after
December 28, 2016, although the water level was kept more
than 620 m.

Hyttejuvet earth core rockfill dam

Hyttejuvet earth core embankment dam in Norway is
selected to further show the application of the approach.

It is well known for the sudden leakage in the first fill-
ing. Hyttejuvet dam has a maximum height of 93 m. The
dam crest length of about 350 m. The upstream dam slope
is 1:1.6 and the downstream dam slope is 1:1.6 below
700 m and 1:1.45 above the elevation. The typical section
is shown in Fig. 1. The variation curve of water level and
seepage flux is shown in Fig. 10.

If the test value of permeability coefficient is
1 x 1077 cm/s, the changing process of defect parameter of
impervious element over time can be calculated according
to the approach, as shown in Fig. 11. It can be noted that
the maximum defect parameter occurs before water level
reaches peak. The defect parameter shows good consist-
ency with seepage safety level of the Hyttejuvet embank-
ment dam.

Fig.8 Development of seep- 1200 T T 650
age discharge and variation of -
upstream water level of Campos I
Novos CFRD (monitoring data) 1000 L
(after Antunes et al. 2007) — 630
z | 1 &
E’;n 800 - -E
s L H610 B
[3) [
£ 600 | g
o =
s I 45% £
3 400 4 5
w2 B 4 s
/ T o
- 7 Seepage Discharge =)
---- Upstream Water Level - 570
200
0 L 1 550
2006/12/1 2006/12/15 2006/12/29 2007/1/12

Time

@ Springer



XX Page 10 of 11 Environmental Earth Sciences (2018) 77:25
Fig.9 Evolution of calculated 11000 650
defect parameter over time of
Campos Novos CFRD 1
< 10000
g 4 630
2 ~~
= 9000 ] E
3 =
2 o
5 s000 |- 7010 3
-
g 2
= 1 <
G
3 =
B 7000 4 590 g
o o
g &
5 6000 F 1 2,
a , X . )
s e Defect Paremeter of Impervious Element
3 - 570
2 ---- Upstrcam Water Level
L 5000
a ]
4000 L L 550
2006/12/1 2006/12/15 2006/12/29 2007/1/12
Time
Fig. 10 Variation of seepage 80 T T T T T T 750
discharge and upstream water L .
level of Hyttejuvet earth core 70 b PP Seepage Discharge E
rockfill dam (monitoring data) e Moo Upstream Water Level
(after Sherad 1973) I s \“\\ 740 ~
- L £
©2 60 E
2 ] o)
r >
o Q
g0
= 50} —
£ 4730 g
A 40| { B
5 | g
2 4720 &
8 30 A i3
R o
- _ )
20 -
L - 710
10 |- i
0 1 1 1 I 1 1 700
1966/07  1966/08  1966/09 1966/10  1966/11 1966/12  1967/01  1967/02
Time

Summary and conclusions

A simple approach to calculating leakage through embank-
ment dams with thin impervious element is proposed in
this paper. By using this approach, dam height, shape of
valley, shape of impervious element and water level in
reservoir are taken into account. Then, the apparent overall
value of permeability coefficient for impervious element
can be obtained with reasonable accuracy and speed.

@ Springer

Defect parameter of impervious element is introduced to
represent defect level of internal erosion. The defect param-
eter is defined as the ratio of overall value of permeability
coefficient to laboratory test value for intact material.

The newly proposed approach and the concept of defect
parameter are further applied in the case study. It is found
that the proposed approach is feasible in seepage safety
level evaluation of embankment dams with thin impervious
element.
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