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Abstract This paper presents a case study on foundation
seepage problems encountered at an earth dam over the last
55 years with various remediation efforts. The Pipasi Dam,
26.0 m in height, was built on a pervious foundation
without any seepage control measures during its first phase
construction. The geological conditions along with the
leakages, remedial measures and the evaluation of the
groundwater level measurements are presented. It is con-
cluded that the past seepage problems within the dam
foundation were caused by the geological condition. Neo-
gene conglomerate outcrops in both abutments, and is
overlaid by the relatively thin Quaternary deposit in the
riverbed. Early treatments, such as the cutoff wall placed
beneath the upstream toe and the upstream clay blanket,
were only carried out in individual locations, and thus
cannot form a continuous and complete spatial water-
proofing system. The installed grouting curtain was regar-
ded as a complete control measure. However, the initial
design arrangement was changed during its actual instal-
lation, and also cannot form a closed-type one. In addition,
the grouting effectiveness of the conglomerate is doubtful
according to the check hole results, which reveal the
loosened structures. As a result, hydraulic gradients and
seepage amounts are still found to be higher than the
expected level. Therefore, a secondary closed-type grout-
ing curtain, which upwardly reaches into the dam body,
should be installed into bedrock to eliminate future seepage
problems. Meanwhile, regarding the spatial variation, the
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groutability of the conglomerate needs precise under-
standing as well.

Keywords Earth dam - Leakage - Conglomerate -
Treatment - Groundwater

Introduction

Reservoir water leakage is a common problem in most dam
sites where the impounded water seeks paths of least
resistance through the dam, its foundation and abutments.
The ground conditions and the geological features of the
dam site greatly influence the amount of seepage and its
relevant effects (ODNR 1994, 2003; Wiesner and Ewert
2013). Many seepage problems and dam failures have
occurred because of inadequate seepage control measures
or incomplete cleanup and preparation of the core, foun-
dation and abutments of the dam, which can result in dam
failure. Specifically, seepage failure within the dam body
or the foundation accounts for 30 % of total failures. This
problem was the main concern for many research fellows
in recent years. In total, 593 failure cases on earth dams
were utilized by Zhang et al. (2007) to study earth dam
failures with statistical analyses. An earth dam with either a
small reservoir capacity or a relatively low height appears
to have a relatively high possibility to have failed in the
past. Most of the cases are caused by overtopping or quality
problems. The most adverse factors are cracks caused by
differential settlement within the dam body, foundation
defects, and imperfect interface.

Therefore, seepage must be controlled to prevent ero-
sion of the dam or foundation, and thus to maintain its
global integrity and stability. However, seepage controls
that occur after construction are difficult and quite
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expensive (Dunbar and Sheahan 1999). It is not usually
attempted unless the seepage has lowered the pool level or
is endangering the dam or appurtenant structures. The need
for seepage control will depend on the quantity, content,
and location of the seepage. Typical remedial measures are
used to control seepage, like the use of an upstream blan-
ket, the installation of a cutoff wall, or a grout curtain.

Seepage problems were reported due to the presence of
pervious sand-gravel strata in the foundation of Bakoyianni
dam, Greece (Kalkani 1997), Hodges Village earthen dam,
Oxford Masschusetts (Dunbar and Sheahan 1999), Waddell
earthen dam, Phoenix, Arizona (Welch et al. 1999), and
Maskinala earthen dam, Kamataka (Gupta et al. 2004), etc.
For example, the Hodges Village Dam in Oxford, Mass.
consists of relatively pervious materials and sits on pervi-
ous foundation soils. Despite this, no dam or foundation
seepage control measures were constructed for the original
dam. Serious seepage events occurred after the impound-
ing; thus, a series of remediation efforts have been taken to
resolve the problem over dozens of years (Dunbar and
Sheahan 1999). Maskinala earthen dam in the Raichur
District of Kamataka was constructed on the pervious
foundation by providing a partial cutoff and an upstream
blanket. Based on the finite element steady seepage anal-
ysis, an additional defensive measure in the form of a cut
off wall beneath the upstream toe was recommended,
which should be embedded at least 1.0 m in impermeable
bedrock (Gupta et al. 2004). A similar pervious conglom-
erate stratum was uncovered during the construction, and
was only also found in the Pipasi Dam 27 years after the
first impounding.

The Pipasi Reservoir is located 5 km west of the town of
Yigou, Anyang city in the province of Henan in central
China, on the upper reach of the Yongtong River, a major
tributary of Wei River (Fig. 1). It is a multi-purpose pro-
ject, embracing multiple functions, mainly including flood
control, irrigation, and water supply, as well as aquacul-
ture. The project mainly consists of a homogeneous earth
dam with a maximum dam height of 26.0 m, a crest length
of 1176 m, a spillway tunnel and an emergency spillway on
the left side. A plan of the general arrangement is shown in
Fig. 2. Maximum reservoir storage is 20.54 million m?,
and the corresponding PMF reservoir level is 124.82 m.

Due to historical factors, this dam was constructed by
staged construction spanning 24 years. The project was
primarily constructed during 1957 and 1959, a famine
period, with the crest elevation 119.5 m. There were no
foundation seepage control measures constructed as part of
the original dam according to the project records. In 1968,
the dam was raised an additional 2.2 m to a crest elevation
of 121.6 m using the downstream construction method.
Meanwhile, the horizontal drainage body was prolonged
downstream correspondingly. The existing project was
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completed in 1974 and 1975, including an additional 3.6 m
raise and corresponding drainage body extension, to meet
the demand for flood control and water supply.

Mainly because this dam sits on pervious strata, seepage
problems have been severe at various times over the last
years. The object of this study was to evaluate hydrologic
conditions implying possible water leakage through the
dam foundation, to identify water leakages or possible
leakage pathways. Thus the comprehensive geological
conditions, all the implemented remedial measures, the
dam foundation grouting, the effect on leakages, and the
evaluation of piezometer measurements are presented.

Geology and hydrogeology
Geological characteristics

Many factors, and in particular, the geological character-
istics of the site, can affect the water leakage from a dam
(Uromeihy and Farrokhi 2012; Karimi et al. 2007). The
geological background of the area in which the Pipasi
Reservoir is located is defined by neo-cathaysoid tectonic
system in China. Fluvial terraces at the Pipasi Dam site are
formed by the downcutting of the Yongtong River and
neotectonic movement. Four terraces were identified from
the lowest terrace to the highest. The terraces are charac-
terized by lower fluvial conglomerates underlined with
marl-shale, and an upper layer of clay and mild clay
deposits.

At the site, the Yongtong River flows from northwest-
ward to southeastward through a narrow gorge with the
right abutment relatively higher, with hill slopes 25 m
above the riverbed, thus makes an asymmetric V-shaped
valley. The valley is 400 m in width, and the elevation is
102 m at the dry river level. In contrast with the right
abutment, the left abutment is relatively flat and slightly
lower in elevation, the top elevation of which is 125 m.
The geological mapping revealed that the materials
exposed at the dam site belong to Quaternary deposits. The
river washed against the right abutment of the dam site,
with the result that the Neogene conglomerate stratum
outcrops.

The dam axis runs almost perpendicularly to the river
flow at the site. The thickness of the conglomerate stratum
increases towards both abutments, and becomes thick from
west to east along the riverbed. The strata at the dam site
run almost parallel to the river flow, generally striking 93°—
95° and dip moderately north-east with a dipping angle of
3°—4°. Therefore, these strata are present in the form of a
monoclinal structure, with the undulation feature.

Strata beneath this dam are not complex, and consist of
Hebi formation (N,h) of Neogene Pliocene, underlain
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successively by Middle Pleistocene series (Q5') as well as

recently deposited clay. A brief description of these litho-
logical characteristics is presented below.

Neogene Pliocene (N,h)

The Neogene Pliocene includes two different lithologic
levels, which are characterized by conglomerate and marl—
shale, as shown in Fig. 3. (1) Conglomerate stratum.
Conglomerates are light grey in colour, and the thickness
of this stratum changes from 2.0 to 8.0 m. These thick-
bedded conglomerates are composed mainly of limestone
cobbles in a calcareous or mud matrix, which accounts for

more than 90 %, and small amounts of sandstone. In
general, the gravels have diameters of from 20 to 40 mm,
with the biggest one up to 60-70 mm. Meanwhile, the
cementation degrees vary with locations, and are loose
except in individuals according to core drilling data. The
drilled boreholes showed that this stratum varies in thick-
ness, and at times, is thinning out. The conglomerate
stratum spreads over the surface or between the surface and
the marl-shale stratum. More specifically, conglomerate is
exposed at upper levels in the reservoir area above eleva-
tion 120.0 m on the right abutment, and outcrops at ele-
vation 120.0 m in the reservoir area at station 0+300 and
1150 m in the downstream on the right abutment.
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Fig. 3 Geological cross section along the dam axis of the dam
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However, conglomerate is covered by Quaternary deposit
in the riverbed. The conglomerate is the main pervious
stratum in the study site. (2) Marl-shale stratum. This
stratum is, in general, interwoven with marl and shale
layers. Shale is greyish white to brownish yellow in colour,
is characterized by graniphyric with calcareous, argilla-
ceous and arenaceous portions. It softens quickly when in
contact with water. Marl is greyish white to brown yellow
in colour. In addition, calcareous and argillaceous sand-
stones were also identified within this stratum (Fig. 3).
Marl-shale is, in general, buried deep below the con-
glomerate stratum, whereas on the left abutment, outcrops
are at stations from 04000 to 0+350 and are in direct
contact with the dam body. The marl—shale stratum at the
dam’s foundation is about 15 m thick, and is generally
impermeable.

Middle Pleistocene (Q5™*)

This Quaternary deposit at the site covers riverbed and
terraces, and its thickness is up to 7.0 m. This deposit is
brown red to light yellow clay and silty clay, which is loose
and extremely porous with gravels, calcareous concretions,
and shell inclusions. It becomes cohesive when in contact
with water. Recently deposited clay, with a thickness of
0.5-2.0 m, is prevalent in the upper levels of the stratum.
At the base of the stratum, fragments of the underlying
bedrock are observed.

Local hydrogeology characteristics

Hydrogeology cross sections along the dam axis and typ-
ical transverse section are respectively shown in Fig. 4a—e.
It is observed that the hydrogeological condition at the site
seems not to be complex. Below the dam foundation,
groundwater is revealed in the conglomerate of Neogene
Pliocene. The Neogene Pliocene conglomerate is the main
water-bearing formation at the dam site. The Neogene
marl-shale and the Quaternary clay is the upper aquifuge
and the Neogene marl-shale is the lower aquifuge,
respectively.

The water tests indicated that the conglomerate aquifer,
with strong hydraulic permeability, is characterized by its
wide spatial variability. Generally, the thickness of the
conglomerate in the area is about 7.0 m; however, it
increased notably, reaching 15 m in some parts. The
greater unit absorption w ranges from 4.040 to 1.250 L/
(min m m), and that of smaller is between 0.091 and
0.008 L/(min m m). A statistical mean of 0.134-0.834 L/
(min m m) was estimated. The conglomerate located in the
riverbed is covered by Middle Pleistocene stratum in var-
ious extents, which makes the aquifer confined. Seepage
flow passes through the conglomerate stratum and

discharges towards the downstream riverbed. The ground
water head was consistent with the reservoir water level,
and the confined water heads were in the range of 100.0 to
108.0 m in the riverbed.

The Quaternary deposits under the dam body were not
cleaned up during the initial construction and are in direct
contact with the dam body at present. The permeability
coefficient is in the range of 1.2 x 107 %t0 3.5 x 107 cm/
s; this indicates that this unit is relatively impermeable, and
can be considered as the upper aquifuge. The thickness of
the marl-shale stratum is about 15.0 m, and the unit
absorption w range is from 0.000 to 0.008 L/(min m m).
Thus this stratum can be regarded as the lower aquifuge.

Foundation seepages, field investigations
and remedial measures

Despite the presence of pervious conglomerate stratum,
there were no foundation seepage control features con-
structed as part of the original dam. Just after the filling of
the reservoir, it was found that the foundation leaked
considerably. Since then, the dam has experienced seepage
problems for more than 50 years.

Foundation seepages
Before 1986

Right after the first impounding of the reservoir, water
seepage emerged through the foundation in the riverbed, as
well as through the abutments of the two sides. Wet areas
were observed downstream in both abutments, and spread
to wide areas when the reservoir water level rose. Partic-
ularly the right abutment is relatively severe, and the
maximal area reached approximately 40,000 m? prior to
treatments.

An initial treatment program was started in 1981. A clay
cutoff wall, approximately 130 m long with a depth of
2.5-3.5 m, was installed along the upstream toe between
stations 04210 and 04-340. Another program of remedial
measures was carried out in 1986; the upstream clay
blankets of 1.0-4.0 m thickness, extending for 100-200 m
from upstream toe, were placed between stations 04200 to
0+450, 04900 to 14005, and 14020 to 14090, to reduce
outflow by increasing the length of the flow path. These
remedial measures are roughly shown in Fig. 2. However,
there was no obvious decrease in the seepage discharge. In
fact, seepage conditions became worsethan ever. The total
quantity of seepage increased with time, from a value of
30 L/s in the initial impoundment period, and rose further
to 500 L/s in 2000 when the reservoir level reached an
elevation of 120 m.

@ Springer
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Between 1987 and 2001

A seepage diversion ditch was excavated beneath the
downstream toe, and along stations 04080 to 04500, of
the dam. For the left abutment, seepage varied in
appearance from a wet area to a flowing “spring”. In
August 2000, a seepage spring, which was 50 mm in
diameter and 2.9 m depth, was noticed 83 m downstream
of the toe at station 0+080, and coincided with muddy
water. The seepage forces were large enough; thus, little
gravel particles were eroded from the foundation, which is
called sand boil. The seepage flow from this spring was
approximately 69 m*/h. This seepage flow, which is
muddy and carrying gravel particles, is evidence of
“piping”. Then, in April 2001, when the reservoir water
level was raised to the elevation 120.0 m, clear seepage
flowed from the stilling basin of the spillway tunnel at
station 04-080, and four springs developed. The total
combined seepage flow from these springs was 40 m’/h,
and muddy water flowed out from the large one. Mean-
while, several seepage springs were also observed on the
west side of the gully between stations 0+ 100 and 04400,
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approximately 100 m downstream of the toe. According to
these visual inspections, it can be judged that the excess
pressure caused heaving of the upper soil layers and
ruptured at these weak spots with a resulting concentration
of seepage flow. Then flow from these weakened locations
increased to form sand boils. In addition, the concentrated
seepage flow eroded fine soil particles. As the erosion
process continued, pipes formed through the top stratum.
If these pipes increase in size and/or length, there may be
a progressively greater concentration of flow into it, with a
still greater tendency for erosion to progress beneath the
dam, which would damage the foundation and result in
settlement, and have the potential to cause catastrophic
failures of dams. Following these events, emergency
procedures, including the grouting curtain beneath the left
abutment between stations 04000 to 04350 and the right
abutment between stations 14+000 and 1+176, were car-
ried out to guard against leakage. After grouting, the
seepage flow was initially was decreased significantly.
However, it was not effective in reducing seepage quantity
for the seepage location 83 m downstream of the toe of
the dam.
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A number of these above efforts fell short of fully
remediating the seepage problems. This dam still suffered
from several problems in 2001, among them were the
following. (1) When the reservoir water level was raised to
120.0 m, water leakage and discharging points were
observed at the riverbed downstream beyond the toe
between stations 0+400 and 0+600; this must, therefore,
be controlled to prevent foundation erosion. (2) Wet areas
presented downstream on right abutments between stations
04700 and 14-000. As the Pipasi Dam is located in drought
area, the heavy loss of water due to seepage was
intolerable.

Clearly, extensive remedial work on the dam that would
address the more systemic seepage problems for long-term
operation needs was required. The basic goal of the
remediation was to minimize the exit gradients that can
lead to failure of the dam, and to attenuate seepage
discharge.

Field investigations

The abnormal seepage emerged points and wet areas are
highlighted in Fig. 5, which was depicted on the base of the
satellite image (Google Maps 2015). In order to elucidate
the mechanism of the seepage problem and identify the
seepage path under the Pipasi Dam, the following field
investigations were carried out, based on the available
geological and hydrogeological information.

The Dam is directly located on Quaternary clay due to
natural deposits, which were not cleaned up during the
initial construction. Though this deposit is mainly com-
posed of clay, it is characterized by a porous and loosened
structure with sand grains, gravels, and calcareous con-
cretions, and interbedded with thin-layers of medium-fine
sand. This leads to the fact that the deposit has relative

Fig. 5 Abnormal seepage emerged points and wet areas, which are
highlighted in red colour, in the downstream

strong water permeability, and therefore is responsible for
foundation seepage in the riverbed.

The Neogene shale-male layer extends along the left
abutment, this layer is thick, and forms the aquifuge; thus,
it had very little effect on the left abutment leakage.

For the terrace between the stations 04000 and 04250,
the Neogene marl-shale with a thickness of 7 m is exposed
and overlies the conglomerate stratum. The unit absorption
w is about 1.25 L/(min m m).

For stations 04250 to 0+350 on the terrace in the left
bank, the Neogene conglomerate is exposed at the eleva-
tion of 120.0 m in the reservoir area, and 115.0 m in the
downstream respectively. The core borings revealed the
conglomerate layer is serious broken and porous, and
directly contacted the dam body. It is in the conglomerate
layer, which presents no resistance for seepage flow, that
the serious seepage problems occurred. In addition, the
shale and the red clay, which overlie the conglomerate
layer, thus behave as the aquifuge of relatively low per-
meability. Seepage flows from the upstream, then directly
percolates into the conglomerate layer, and exists beyond
the toe. Seepage emerged to the downstream ground sur-
face along the interface between the shale and the red
clay.

For stations 0+350 to 04500, and 0+700 to 0+950, the
foundation deposit beneath the dam varies between 4.0 and
8.0 m thick and primarily is red clay. Although this deposit
has not a close hydraulic connection with the underlying
conglomerate layer, and did not exhibit leakage phe-
nomenon, the seepage problem within the underlying layer
in is undeniable. According to the monitoring data, the
ground water levels were increasing in accordance with the
rise in the reservoir level.

For stations 0+500 to 04700 in the river bed, the
average thickness of the deposit clay is 6 m. As the
reservoir water level rose, which induced high hydrostatic
pressure, the leakage points emerged in right side of the
riverbed beyond the downstream toe, and the total leakage
discharge reached at 0.01 m*/min. When the reservoir
water level continued rising, the leaking water discharge
was expected to increase; however, this was not observed.

The dam is lower than 3.8 m at station 0+950 to 1+200
on the terrace in the right bank, but unfortunately the
conglomerate layer is directly exposed below the low dam
section. This conglomerate layer varies in thickness from
8.0 to 15.0 m, and the maximal unit absorption reached
4.04 L/(min m m); thus, this is the primary seepage zone.
The reservoir water flowed into the conglomerate layer,
and out to the downstream ground surface along the
boundary of the downstream conglomerate and red clay
layers. Then this leakage water spread towards the down-
stream land between stations 04700 and 14000, and a wet
area was seen at this location.
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The Neogene conglomerate layer extends along the right
abutment. This layer is weathered, loose and porous, and
mainly presents as sands and gravels with developed
cracks. Although this layer is thick, it still formed a con-
centrated leakage pathway as the reservoir level rose.

The above analyses revealed that the groundwater
divides at the dam site are near stations 04250 to 04350,
stations 14050 to 14100, and at the elevations of 118.0
and 124.0 m, for the left and right banks respectively.
Correspondingly, leakage points were observed down-
stream at elevations between 107.0-114.0 m, and between
110.0-115.4 m, respectively. When the reservoir level rose
to an elevation of 120.0 m, the seepage water in the left
bank discharged directly out from the downstream toe; by
contrast, that in the right bank bypassed the downstream
toe, and entered into the downstream land at stations
04700 to 1+000, and led to a large wet area.

Based on the previous analytical analysis, available
geological and hydrogeological data, and from site
inspections, the following can be concluded for the Pipasi
Dam seepage problem: (1) the highly pervious conglom-
erate layer is directly exposed or underlain the relatively
thin clay, which led to the fact that the natural hydroge-
ology condition cannot satisfy the request of water resist-
ing. What’s worse, the natural foundation was not
excavated at all during dam construction. (2) Most of the
seepage water flowing out the downstream came mainly
from water flowing through the conglomerate layer beneath
the dam. (3) Some remedial measures, such as the cut-off
wall beneath the upstream toe, the upstream clay blanket,
and the seepage diversion ditch on the downstream face,
were already carried out during the dam operation. How-
ever, these measures were either not systematic and not
discontinuous in the space, or not applicable. Thus, these
methods were not effective.

Dam foundation grouting

In the upper overlying layer and the stratified conglomerate
layer, the most serious seepage problems occurred. For
dams on pervious conglomerate strata, upstream clay
blanket is least effective and was not applicable for this
dam as mentioned above; thus, the impervious blanket was
ruled out. A long-term alternative, namely dam foundation
grouting, which is the injection of a fluidized material into
a soil or rock formation to reduce its permeability, was
considered for this dam.

Grouting design

According to the experiences obtained from dams suffered
similar seepage problems, the grouting depth should be not
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less than 5 m into the aquifuge underlining the pervious
layer when this aquifuge is not deeply buried (Weaver and
Bruce 2007). According to the geological characteristics of
this dam, the maximal buried depth of the aquifuge, namely
the Neogene marl—shale, is only 32.0 m. Thus, the grouting
curtain was designed as an enclosed type. With regards to
the fact that significant leakage bypassed both banks and
flowed out to the downstream, it was decided to extend the
grouting curtain 100 m into both abutments, because the
normal water level and the aquifuge intersect at these
points.

An initial arrangement was proposed and is described as
follows. The grouting curtain was placed in a row along the
axis 1.8 m downstream from the parapet wall. It was
designed to extend from station 0—100 on the left abut-
ment, to up to station 14276 m towards the right abutment,
and to continue 5 m in the Neogene marl—shale, to reach
2.0 m above the dam foundation. The layout of this
arrangement is presented in Fig. 6a and c. The target of this
operation was to achieve a coefficient of permeability of
less than 10~ cm/s, and the allowable hydraulic gradient
was 18.

Grouting

The geological and structural characteristics have a direct
relationship with its groutability (Weaver and Bruce 2007;
Uromeihy and Farrokhi 2012). Trial grouting procedures
were performed to evaluate the groutability of the material
properties beneath the dam foundation. Three trial sections,
as listed in Table 1, were carried out according to the
geological condition. Specifically, these sections include
two strong permeable sections, namely station 0+200 to
04230 and station 1+100 to 1+130, and one weakly
permeable section of station 04680 to 04700. These trial
grouting holes were performed at 2.0 m spacings, and three
sequences of grouting operations. Considering the dam
safety, trial grouting operations were performed in two
steps. The first step was for foundation consolidation, and
the second step formed the grout curtain. In all grouting
holes, packer grouting was used, while grouting intervals
varied according to the permeability rates of the packers.
The grouting operations were respectively performed in
holes spaced at 5.0 m and 3.0 m intervals for strong and
medium permeable layers. Initially, a light mixture of 1:5
(i.e., 1 cement:5 water) was used; then, heavier mixtures
were gradually used. During the trial grouting process of
the trial section at stations 0+680 to 0+700, the dam body
was split, a longitudinal crack along the dam axis extended
for some 68 m, and the crack opening width was about
10 mm.

The grouting takes were recorded during the trial pro-
cess, and then water pressure tests were carried out, and the
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Fig. 6 Cross section along the axis of the grouting curtain (a, b), and typical section from downstream to upstream direction (c), showing the
initial design and actual layouts

corresponding results are listed respectively in Tables 1
and 2. The results obtained from the trial grouting proce-

dures show that the permeability and the grouting take  sequences.

depended on grouting sequences. In addition, the effec-
tiveness of the grouting was obvious when using three
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Table 1 Grouting details and water pressure test results after the grouting application of test sections

Location Station Hole depth (m) Section length (m) Lithology Permeability rate (lugeon)
Test value Designed value
Station 0+200-0+230 0+203 22.8 7.74-12.74 Conglomerate, shale 1.31 <5.0
12.74-17.74 Conglomerate 0.2
17.74-21.5 Shale 0.09
04227 21.5 7.0-12.0 Conglomerate, shale 1.14 <5.0
- Conglomerate, shale 0.82
- Shale 0.36
Station 14-100-1+4-130 14101 14.2 2.0-5.6 Conglomerate 61.11 <5.0
5.6-9.2 Conglomerate 24.6
9.2-14.2 Shale 0.13
1+125 14.0 1.26-4.76 Conglomerate 92.93 <5.0
4.76-9.0 Conglomerate 9.22
9.0-14.0 Shale 1.61
Table 2 Grout takes in trial Lithology Grouting pressure (MPa) Grout takes (kg/m)

grouting holes in station
04-200-04-230

Primary hole Secondary hole Tertiary hole

Conglomerate, shale 0.05-0.1
Conglomerate 0.1-0.25
shale 0.2-0.3

5.0-230.9 3.0-11.0 2.0-24.5
74.4-360.2 85.3-416.7 3.9-225
3.6-182.3 3.3-149.6 0.4-4.2

Unfortunately, the above design arrangement was
changed. All the grouting intervals in the dam body and the
natural clay deposit were canceled due to the remedial cost
budget. The upper boundary of the grout curtain was
designed to continue 2 m in the Neogene marl-shale for
stations 0—100 to 04245, and was to reach the top of the
conglomerate layer for stations 0+245 to 14-276. In other
word, the grouting in the natural clay deposit was not
complemented. Their total length of grout curtain holes
prior and after design changing were 13357.5 and 8000 m,
respectively.

The cross section along the axis and the typical trans-
verse section of the final grouting curtain were shown
respectively in Fig. 6b and c. For station 0—000 to 04600,
a total of 345 holes were sunk, and a total weight of 533 ton
of cement was used. The average grout consumptions were,
respectively, 145, 179, and 109 kg/m for grouting
sequences 1-3 in the conglomerate layer. For stations
0+600-1+276, a total of 339 holes were sunk, and a total
weight of 682 ton of cement was used. The average
grouting consumptions were, respectively, 204 and 105 kg/
m for grouting in the conglomerate layer and in the marl-
shale layer. The grouting program started in October 2002,
and then ended in May 2003.

@ Springer

Effect on leakages

After the completion of grouting, the reservoir was
impounded gradually. Surprisingly, leakages emerged in
the riverbed again, when the reservoir level was above an
elevation of 111.70 m in August 2003. The rise in the
reservoir level was still directly affecting the total leakage
amount. There was no decrease in the number of the
leakage points and locations prior to and after the grouting
operations. The total amount was measured as 0.12 m*/s
when the reservoir level reached an elevation of 121.0 m,
and in contrast, the recorded value was 0.42 m>/s under the
same operation condition before the grouting. In addition,
the large wet area was not observed in the downstream left
bank between stations 0+300 and 0+400. The construction
of grouting resulted in a decrease of leakage amount, but
not to the expected effectiveness.

Check holes

Six check holes, as shown in Fig. 7, were drilled along the
dam axis to examine the grouting curtain and to identify
the cause of the leakage. Water pressure tests were per-
formed along the holes to check the grouting. Detail



Evaluation of remedial measures against foundation leakage problems of earth dams on pervious...

1529

Left bank Right bank

0 = Elevation 125.6 m ~

-

5 3.9 _ - L
10+ 8.4 |
g 12.0 132
= 154 150 -
= 18.2
< 20 19.8 L
g
= 25+ 24.8 -
2 304 =

\ \ \ \ \ \ \ \ \ \ \

s § & § & & & & &8 &8 g8 8§ 8§ 8 ¢8
I ¥ + ¥ T + b + + I T T ¥ T

(=] (=} (=} (=} (=} [=] [=] (=) (=} (=1 (=} — — — —

Legend

— — Topographic surface D Dam body material % Quaternary clay deposit

Conglomerate %Sandstone @ Marl-shale
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information on these holes, cut through locations where
grout consumption values or seepage were abnormal, is
listed in Table 3. Specifically, hole J6 was located at the
station 04753 where a seepage point emerged in the
downstream, hole J5 was located at the station 0+609
where the downstream seepage point was close to the

elevation of the boundary of the conglomerate and red clay
layers, hole J1 was located at the station 0+261 near where
five leakage points were observed downstream, and hole J3
at the station 04033 where the grouting consumption
reached 1080 kg/m. The check program started in
November 2003, and ended in December 2003. Total check

Table 3 Comparison of permeability results of check holes and adjacent holes after grouting application

Hole Station Lithology Drilling depth Water pressure test results (Lugeon)
Check hole Primary grouting hole Tertiary grouting hole

J1 0+261 Conglomerate 13.2 15.2 23.4-46.7 21.5-41.4
Shale 18.2 0.27 29.7 3.4

12 04065 Shale 13.0 0.7 0.8 0.6
Sandstone 14.8 1.6 26.0 1.1
Conglomerate 19.6 2.8 61.4 7.0
Shale 24.6 0.17 0 0.3

13 04033 Shale 12.0 1.7 1.09 1.61
Sandstone 15.0 1.2 37.74 6.0
Conglomerate 19.8 4.0 1.22 48.1
Shale 24.8 0 0 0

J4 04565 Conglomerate 27.0 9.7-39.1 14.9-27.1 24-25.6
Shale 32.0 0.6 1.3 0.9

J5 04609 Conglomerate 26.8 30.8 30.32 22.11
Shale 31.8 1.36 6.26 3.62

J6 04753 Conglomerate 234 3.6-12.2 81.1-178.7 16.1-28.7
Shale 28.4 0.29 7.66 11.23
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hole length was 159.8 m, and 18 intervals were used for
water pressure tests. The results of stratum lithology, water
pressure test, and grouting take of these check holes are
listed in Table 3. The results show that there was a sig-
nificant reduction in the permeability rate. However,
among these check holes, Lugeon values of the conglom-
erate intervals of four holes, namely J1, J4, J5, and J6, were
larger than 5.0, which was the designed value.

Based on the geology information and data acquired
from check holes, it can be found that the grouting effec-
tiveness was significant in the locations where the con-
glomerates are cemented with calcareous or arenaceous
matrix and cracks were connected, and in contrast, that was
ineffective where the conglomerates are cemented with
mud matrix and cracks were not connected.

Processing discovery of check hole operations

The reservoir elevation during the check hole operations
was retained near an elevation of 121.0 m.

Check hole J1 (station 0+261). When this hole was
drilled at a depth of 9.2 m (i.e., 116.4 m elevation), the
groundwater appeared and remained unchanged in the
conglomerate layer. This ground water level was approxi-
mately 5.0 m below the reservoir level, which was at the
elevation 121.3 m.

Check hole J2 (station 0+065). Groundwater was not
observed in this hole. When this hole was drilled to
106.0 m elevation (i.e., depth of 19.6 m), where is just the
boundary of the conglomerate and marl-shale layers, hole
collapse occurred in the conglomerate interval.

Check hole J3 (station 0+033). Neither groundwater nor
hole collapse were observed in this hole.

Check hole J4 (station 0+4565). The groundwater
emerged when this hole was at a depth of 23.2 m (i.e.,
102.3 m elevation), where the boundary of the conglom-
erate and the natural clay deposit layers is. The ground-
water level was initially at the elevation of 116.08 m, and
finally remained stable at the elevation of 115.97 m. Hole
collapse was not observed in this hole.

Check hole J5 (station 0+4609). The groundwater
emerged when this hole was at a depth of 22.4 m (i.e.,
103.2 m elevation), where the boundary of the conglom-
erate and the natural clay deposit layers is. The ground-
water level was initially at the elevation of 113.2 m, and
finally remained stable at the elevation of 114.1 m. Hole
collapse was not observed in this hole.

Check hole J6 (station 0+4753). The groundwater
emerged when this hole was at a depth of 16.2 m (i.e.,
109.4 m elevation), where it is in the natural deposit layers.
The groundwater level was initially at the elevation of
114.2 m, and finally remained stable at an elevation of
115.1 m. In addition, water released from the dam crest,
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when water pressure tests were carried out in the con-
glomerate interval at the depth between 16.6 and 20.0 m.
Hole collapse was not observed in this hole.

Seepage monitoring and tracking analysis
Instrument arrangement and data acquisition

The monitoring system of the Pipasi Dam, established in
the months from July to September 2005, consists of sev-
eral devices that make it possible to measure quantities
such as phreatic surface within the dam body, groundwater
level in its foundation, seepage flow discharge weir, and
local precipitation. Among these devices, seepage moni-
toring measurements, including a total of 26 standpipe
piezometers and seven seepage monitoring weirs, were
installed to monitor the effectiveness of the grouting cur-
tain. A plan location of the standpipe piezometers and
seepage flow discharge weirs is shown in Fig. 8a.

Both the phreatic surface in the dam body and the
groundwater levels are monitored by standpipe piezome-
ters. In what follows, only instruments and measurements
functional to the scope of the work will be considered. The
18 standpipe piezometers, installed in three typical cross
sections at stations 0+400, 0+565, and 0+400, which will
be considered in characterizing the hydraulic behavior of
the dam foundation, are placed within the conglomerate or
natural deposit layers. For these three monitoring sections,
the 12 piezometers (i.e., P9—P20) on the upstream crest, on
the upper downstream slope, on the first berm, and on the
horizontal drain were extended 2 m into the conglomerate
layer. The other four piezometers (i.e., P21-P26) are
respectively located on the upstream crest and the down-
stream beyond the horizontal drain, and designed to con-
tinue 4 m in the natural deposit layer. Typical cross section
of the dam (i.e., station 0+565) and its observation
instrumentations are shown in Fig. 8b.

The weirs were installed to collect seepage flows from
the shallow foundation, and respectively located in the
downstream river bed (i.e., W1), and drainage ditches from
which the seepage from abutments flow into the riverbed
(i.e., W2-W7). The relative locations of these weirs are
shown in Fig. 8b. According to their locations, the recor-
ded amounts are mainly attributed to the leakage through
the foundation.

Figure 9 presents two graphs, one presenting the his-
torical variations of the daily mean reservoir levels, and the
other presenting the historical variations of the daily
accumulated precipitation. The historical time series of the
piezometers installed in the dam foundation from January
2006 to December 2014 are respectively presented in
Figs. 10 and 11, for three typical cross sections. To
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Fig. 8 Location of the standpipe piezometers and seepage discharge weirs installed in the dam

compare the reservoir water level and seepage discharge,
graphs shown in Fig. 12, which cover from the impounding
period after grouting until now, were prepared too. The
measurements in the period from July 2005 to June 2007
are unavailable due to weir maintenance.

Qualitative analysis

Figure 13 shows the relationship between the reservoir
water level and the total leakage amount, based on mea-
surements taken between September 2003 and December
2014; namely, after grouting. It can be seen from Fig. 13

that obvious leakages emerged in the riverbed when the
reservoir level was above an elevation of 114.00 m, and the
rise in the reservoir level was still directly affecting the
total leakage amount. Specifically, the relationship between
the total discharge and the reservoir water level can be
explained by the power function, which agrees more or less
with the general law for earth dams on pervious con-
glomerate strata (Lee et al. 2005). In addition, a discharge
of 0.12m%s was measured when the reservoir level
reached an elevation of 121.0 m, and in contrast, the
recorded value was 0.42 m*/s under the same operation
condition before the grouting.
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The relationship between the groundwater levels in the
conglomerate and natural deposit layers and the reservoir
water level of the three typical cross sections are respec-
tively shown in Figs. 14 and 15.

It is observed that results obtained from both sections of
stations 04595 to 0+800 are similar. The results indicate
that groundwater levels within the conglomerate layer vary
consistently with the reservoir level. More specifically,
both the groundwater levels in the single row of standpipes
along the cross section from upstream to downstream, and
their correlations with the reservoir level decrease succes-
sively, but all the correlation coefficients are larger than
0.91. In addition, the recorded groundwater levels in pairs
of monitoring standpipes of the grouting curtain decrease
remarkably across the curtain, and a drastic depression of
the water head occurs across the curtain. Data from the
measurements indicate that the grouting curtain was
effective in controlling the seepage flow within the foun-
dation. Meanwhile, the groundwater level within the nat-
ural deposit has characteristics similar to those of the
conglomerate layer. Moreover, the values are larger than
those within the conglomerate layer for the same locations.
It is understood that the grout curtain has effectiveness.
The reason for the unexpected large amount of water leaks
into the dam foundation is that the deposit layer, which was
planned, was grouted to cut off the flow through the
unconsolidated deposits. Consequently, the potential flow
bypasses the grouting curtain through the unconsolidated
deposits.

The upstream groundwater levels of station 04400 vary
in a pattern similar to those of stations 04565 and 0+800.
Groundwater levels within the conglomerate and the nat-
ural posit layers vary consistently with the reservoir level,
show strong correlation and all their coefficients are larger
than 0.94. The groundwater levels in standpipes P12 and
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P22, which locate downstream of the horizontal drain, keep
stable, and the elevations are close to that of the standpipe
bottoms. According to the installation records, it was
estimated that the values were measured from the accu-
mulated water in the sedimentary intervals. The relation-
ship between the groundwater level in standpipe P11,
which is located at the first berm of the downstream face,
and the reservoir water level, is not as direct as that of
upstream ones. It is noteworthy that a drastic depression of
water head does not occur across the grouting curtain,
indicating that the barrier was not effective in controlling
the seepage flow.

Seepage flow behavior analysis

The seepage flow behaviors through the dam foundation
were analyzed by using a steady-state flow theory, with the
reservoir level higher than the elevation of 118.0 m. Based
on the in situ data, Figs. 16 and 17 show the water head in
percent difference from upstream to downstream in the
dam foundation at the typical cross sections, respectively.

It is observed from Fig. 16 that the grouting curtain is
effective in lowering the groundwater level in the con-
glomerate layer at sections of stations 0+565 to 0+800. As
shown in Fig. 16, the grouting curtain bears about 50 % of
the groundwater head difference from upstream to down-
stream in the dam foundation, which is consistent with the
expected value of design. However, for the section at sta-
tion 04400, the groundwater head difference is linear
along the river flow direction. This result indicates that the
performance of the grouting curtain is not guaranteed at
this section, or there is a pervious zone along the boundary
of the conglomerate and natural deposit layers.

Tables 4 and 5, respectively, present the computed
hydraulic gradients along the conglomerate and natural
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Fig. 10 Historical data from standpipe piezometers in the conglomerate layer
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deposit layers for the 121 m elevation of the reservoir. The
mean gradient within the natural deposit layer is about
0.22. As listed in Table 4, the hydraulic gradients within
the grouting curtain are obviously larger, especially for
sections at stations 04565 and 0+800. In addition, the
mean gradient downstream the grouting curtain reaches a
maximal value of 0.75 for section at station 0+400 com-
pared with other measured locations or sections. The
hydraulic gradient required to cause heaving, namely, the
critical hydraulic gradient, is usually about 0.7-0.85. In this
dam downstream, concentrations of seepage were found in
the left abutment, at thin or weak spots in the top stratum.

Current condition investigation

As a result of the overall grouting measure, the foundation
seepage amount observed downstream decreased, and the
large wet area was not observed in the downstream left bank
between stations 04300 to 04+400. However, the seepage
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paths pass through the foundation and change with time, so
that the seepage problems still exist. Specifically, according
to the visual inspection before the flooding season in 2014, it
was observed that the large wet area distributed in the
downstream left bank between stations 0+250 and 04300,
and clear flow emerged in the drainage ditch at the down-
stream toe of dam in the south of station 0+800, when the
reservoir level reached an elevation of 121.0 m. Meanwhile,
seepage water gushed from the bottom of the outlet of the
south irrigation tunnel, piping and springs appeared in the
ditch downstream of the spillway tunnel. The seepage amount
increased in accordance with the rise in the reservoir level.

Recommendation

Field investigation and seepage behavior analyses have
provided better insight into the dam’s seepage problems.
The seepage behavior in the dam foundation is still not
satisfactory, especially for local sections. It may be con-
cluded that the efficiency of the grouting is affected by the
change of the initial design arrangement, since there is a
significant spatial variability in the permeability property.
Probably because the grouting curtain does not upwardly
extend sufficiently into the relatively impermeable layer
namely dam body, leakage through the foundation might
bypass the current grouting curtain and flow along the
boundary of conglomerate/clay towards the downstream.
The groutability varies in locations due to the loosened
structures. Based on information from available data, the
reason for the leakage occurring in the dam foundation can
be attributed to: (1) the lower groutability of locations of
the conglomerate layer; (2) the relatively higher perme-
ability property of locations of the natural deposit layer.
As such, other additional grouting treatments preventing
seepage below the foundation are required. It is therefore

@ Springer



1536

J. Hu, F. Ma

126.0 -

R,=0.945
123.0 - R, ,=0.959
R, =0.849

Station 0+400

120.0
117.0
114.0

111.0

Groundwater level (m)

108.0

105.0

1020 1 1 1 1 1 ]
110.0 112.0 114.0 116.0 118.0 120.0 122.0

Reservoir water level (m)

(a)

120.0 -

R,,,=0.983

117.0 -

114.0

111.0

108.0

Groundwater level (m)

Station 0+595

99.0 1 1 1 1 1 ]
110.0 112.0 114.0 116.0 118.0 120.0 122.0

Reservoir water level (m)

(b)

120.0

R,,=0.959

117.0

114.0

111.0

Groundwater level (m)

108.0

Station 0+800

105.0 i 1 1 1 1 1 J

110.0 112.0 114.0 116.0 118.0 120.0 122.0

Reservoir water level (m)

(0

Fig. 14 Relationship between reservoir water level and groundwater

level in the conglomerate layer

@ Springer

122.0

120.0

118.0

116.0

114.0

112.0

Groundwater level (m)

110.0

108.0

R, =0.948
L R,,=0257

Station 0+400

e.:iA&_A_x‘?gZﬂoﬂp-AQ/A

1100 112.0 114.0 116.0 118.0 120.0 122.0

123.0

120.0 |

117.0

114.0

111.0

108.0

Groundwater level (m)

105.0

102.0

Reservoir water level (m)

(a)

R,,=0.937

Station 0+595

R_=0.711

P24

110.0 112.0 114.0 116.0 118.0 120.0 122.0

122.0

120.0

118.0

116.0

114.0

112.0

Groundwater level (m)

110.0

108.0

Reservoir water level (m)

(b)

Station 0+800

R, =0.942
L R,~0.626

110.0 112.0 114.0 116.0 118.0 120.0 122.0

Fig. 15

Reservoir water level (m)

(c)

Relationship between reservoir water level and groundwater

level in the natural deposit clay layer



Evaluation of remedial measures against foundation leakage problems of earth dams on pervious...

1537

or Station 0+400
90 _‘ L B Tah m .
80 ’ - n ll-:.‘l-'
S r " P9
= 70 ] LI -lﬁll
L] - | = -
% 3 umu® u L 1]
ERROIS
= -
=}
50
S 40
“ L
=}
s 30
2 ! x> :*:qf* Pl
2 i . " .
L 20 g *. *
*
POy - s >
117.5 118.0 1185 119.0 119.5 120.0 1205 1210 1215 122.0
Reservoir water level (m)
(a)
100 - -
L Station 0+565
90
80
= L
S 70
9 L
<
2 60
) L
S sof
g L
T
Gt
= L
g 30
5 20| NN N N N N s N s
A | e AT A T A A AR A AL AN, -~-Pl4
| e ARSI o
10 ”'&**&;*w&ww """"" T A
0 L T e S TS N A ) S AE 0y S 20 S Fl6
117.5 118.0 1185 119.0 119.5 120.0 120.5 121.0 121.5 122.0
Reservoir water level (m)
(b)
90.0 -

80.0 -

Station 0+800

. aim
[ ]
70.0 k

n gt m_mum
wol YT /. g LU T

S
=l
<
2
o 500
=}
Z
2 400 -
s 8
G 20 A
S 300 Lgﬁ
g tamAe %
o %% *. e
5 200 ol
= %QQ 0‘,0’ %

100 [ __ Q2057

o
0.0 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L J
1175 1180 1185 1190 1195 1200 1205 121.0 1215 122.0

Reservoir water level (m)

(c)

Fig. 16 Groundwater head in the conglomerate layer in percent of
the difference from upstream to downstream

M 0,
Percent of reservoir head (%) Percent of reservoir head (%)

Percent of reservoir head (%)

100.0 -

90.0 -

o]

o

o
T

~

o

o
T

o

g

o
T

wn

o

o
T

Ey

o

IS
T

w
o
f=}

o

g

S
1

o0

o

S}
T

=

o

S
T

o

o

o
T

wn

o

o
T

Py

e

o
T

w

I )
o
o
T

10.0 -

[ ) w N wn
e o o <
o o IS

T T T

g
S

0.0
117.5

Station 0+400

1180 1185 119.0 119.5 1200 120.5 121.0 121.5

Reservoir water level (m)

(a)

Station 0+565

o
o
T

P24

S LOZOD -
121.0 121.5 122.0

1D DN A NN
119.0 1195 120.0 120.5

0.0 Lspnn
1175 1180 1185

Reservoir water level (m)

(b)

Station 0+800

S
o
T
g
N
W

P26

AN

I ,4@,&&&@2&@&%

PR Y R UR NENU AU SR RS RS RS
118.0 1185 119.0 1195 120.0 1205 121.0 1215 122.0

Reservoir water level (m)

(¢

Fig. 17 Groundwater head in the natural deposit clay layer in percent
of the difference from upstream to downstream

@ Springer



1538 J. Hu, F. Ma
Table 4 Average seepage gradient in the conglomerate layer of observation cross sections
Cross section Operation condition Item Result
Station 0+400 Normal water level (2012-11-26) Observation point P9 P10 P11 P12
Space (m) - 11.3 6.0 19.0
Standpipe water level (m) 119.18 114.13 109.61 107.23
Water level difference (m) - 5.45 4.52 2.38
Average seepage gradient - 0.45 0.75 0.13
Station 04800 Normal water level (2012-11-26) Observation point P17 P18 P19 P20
Space (m) - 11.3 6.0 18.0
Standpipe water level (m) 117.90 112.10 111.35 110.29
Water level difference (m) - 5.80 0.75 1.06
Average seepage gradient - 0.51 0.13 0.06
Station 04595 Normal water level (2012-11-26) Observation point P13 P14 P15 P16
Space (m) - 11.3 6.0 44.0
Standpipe water level (m) 116.65 106.39 105.21 103.87
Water level difference (m) - 10.26 1.18 1.34
Average seepage gradient - 0.91 0.20 0.03
;::ll()iliznst i?ﬁgiﬁ;g:ﬁiﬁii layer Cross section Operation condition Item Result
of observation cross sections Station 04400  Normal water level (2012-11-26)  Observation point P21 P22
Space (m) - 36.3
Standpipe water level (m) 119.15 110.04
Water level difference (m) - 9.01
Average seepage gradient - 0.25
Station 04800 Normal water level (2012-11-26) Observation point P25 P26
Space (m) - 353
Standpipe water level (m) 117.99 110.23
Water level difference (m) - 7.76
Average seepage gradient - 0.22
Station 0+595 Normal water level (2012-11-26) Observation point P23 P24
Space (m) - 61.3
Standpipe water level (m) 117.72 103.74
Water level difference (m) - 13.98
Average seepage gradient - 0.23

suggested that a secondary grouting curtain downstream
from the existing one, extending at least 2 m into the dam
body, should be installed covering the conglomerate and
natural deposit layers to eliminate future seepage problems.
In addition, considering the likelihood of the failure of the
grouting curtains, it is also suggested that relief wells should
be installed along the downstream toe to prevent excessive
uplift pressures and piping through the foundation.

Conclusions
The geological conditions of the Pipasi Dam in China,

along with the leakages, the seepage grouting and the
evaluation of the groundwater level measurements, are
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presented. Based on these results, the following can be
concluded.

1. The foundation of this dam consists of Neogene
Pliocene conglomerate, Neogene Pliocene Marl-shale,
and Middle Pleistocene clay deposit. Neogene con-
glomerate outcrops in both abutments, and are overlaid
by Quaternary deposit with the thickness only about
6.0 m in the riverbed. In fact, the dam foundation of
plain reservoirs generally consists of a top stratum of
silts or clays underlain by a pervious substratum
comprised of fine to coarse gravels. The alluvial fill
generally overlies limestone rock. In some locations,
the top stratum has been either completely or largely
removed by river downcutting, thereby creating a
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ready source for exit of seepage through the underlying
pervious substratum. Therefore, where such foundation
characteristics are present, the seepage control method
should be chosen carefully.

2. Most of the seepage water collected at the downstream
comes mainly from water flowing through the con-
glomerate layer and partially from the natural deposit
layer. The seepage problems, which can be attributed
to the geological condition, have become serious at
various times over the last 55 years.

3. Early treatments, such as the cutoff wall at the
upstream and the upstream clay blanket, were intended
to prolong the seepage path. However, these efforts
were only carried out in individual locations, and thus
cannot form a continuous spatial waterproofing system.
In addition, the upstream clay blanket is probably not
effective or applicable to leakage in the previous layers
beneath an earth dam. The installed grouting curtain
produced a significant decrease in groundwater head
and the discharge of seepage water within the dam
foundation. However, hydraulic gradients and seepage
amounts are still found to be higher than expected
level. Due to the hanging curtain type, leakage
bypasses the curtain, and flows through the overlaid
natural deposit layer. Moreover, the groutabilty of the
conglomerate varies widely, depending on its location,
considering the loosened structure. Therefore, the
grouting effectiveness is doubtful. Current foundation
seepage behavior calls for a complete control measure,
namely a secondary closed type grouting curtain that
should be upwardly embedded into the dam body, to be
installed to bedrock to eliminate future seepage
problems.

4. The choice of seepage control measures depends on a
number of factors, including: (a) plane and spatial
configurations of the pervious conglomerate stratum
and their relation to the dam, the physical and mechanical
properties (i.e., grain gradation, permeability coefficient,
and critical hydraulic gradient); (b) characteristics and
thickness of the top stratum; (c) and cost and permanency.
Extensive and detailed geological investigations should
be implemented to understand the character of the
foundation. Generally, three methods may be used for
these dam foundations, such as upstream impervious
blankets, complete vertical cutoffs (i.e., compacted
backfill trenches, slurry walls, grouting curtains, and
concrete walls), and downstream seepage drains. Among
these, a complete cutoff is the most positive one to cut off
all pervious strata beneath a dam by means of an
impervious barrier that will eliminate both excess
substratum pressures and the problem of seepage water
landward. Where practicable, compacted backfill trench
may be used for new projects. When the earth dam has

already been constructed and needs remedial measures,
the grouting curtain may be used to minimize foundation
seepage. Considering the likelihood of the failure of the
complete vertical cutoff, relief wells installed along the
downstream toe of the dam may be used in combination
with the grouting curtain to prevent excessive uplift
pressures and piping through the foundation.

5. Seepage control measures that occur after construction

are difficult and quite expensive. Data from monitoring
piezometers can be collected to identify probable
seepage zones or seepage pathways, which provide
better insight on the dam’s problems and determine the
optimal seepage control method.

This case study provided some good lessons for future
dam projects, both new and remedial. Presence of pervious
strata in the foundation of an earthen dam would bring in a
serious problem of seepage. As this case study showed,
these types of problems may not only take years to
develop, but also may take years to resolve.
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