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Abstract: This work evaluates the stability of the Boostan earth dam by investigating its long-term
performance and interpreting the measured data. To measure the dam response, several sensitive
locations are instrumented. This process includes measuring various quantities such as pore water
pressure, water level, and internal stress ratios using inspection devices such as ordinary and
Casagrande piezometers, and total pressure cells. The recorded data shows that the pore pressure is
in good agreement with the initial (stable) design condition. The installed piezometers show that
the drainage is efficient, and the water table in the body is adequate. The instrument also shows a
reasonable horizontal stress in the dam body. Overall, the condition of the case study dam is assessed
to be normal. The results of this case report can be used as a guide in similar dams for instrumented
health monitoring.
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1. Introduction

The protection, maintenance, and proper operation of dams not only lead to a long life span of
the structure, but they are also significant for health, safety, and environmental aspects [1]. The most
significant problems that occur in the major infrastructure are those associated with the lack of proper
maintenance procedures [2]. The high cost and long duration of constructing dams dictates the need
for a comprehensive online maintenance and protection program. Early detection of defects and
abnormalities is a critical step towards integrity assessment of dams, health monitoring, and overall
risk management. To simulate the behavior of a dam during the construction time, it is necessary to
precisely measure several parameters such as displacement, pore water pressure, leakage, etc. For this
reason, multiple instrumental equipment are used [3].

Dam health monitoring is crucial to the project risk management and may significantly reduce
the project risk exposure and future consequences, see Figure 1. A general risk management circle
includes five steps:

Identify: Establish the risk components.

Analysis: Evaluate the likelihood of each risk element, and the associated consequences.
Plan: Determine the general strategies to minimize the risk likelihood.

Monitor: Continuously measure and update all variables that may indicate risk.
Control: Take various risk reduction actions.
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Figure 1. Interconnection of risk management with dam health monitoring and instrumentation.

The health monitoring procedure is often used in the context of risk analysis to identify the
potential failure modes (PFMs) [4]. The identified failure modes coupled with health monitoring are
key metrics to understand the structural, hydraulic, and geothectical conditions. Postprocessing the
dam monitoring data will identify the PFMs [5].

Many researchers provided recommendations for monitoring and analyzing earth dams and
levees [6,7]. Instrumentation is used for a wide spectra of measurements to identify the variations of
the physical and mechanical quantities that are implemented in the area of geotechnical engineering
and constructing projects [8]. The quantities variations such as displacement, and water pressure are
measured using instrumented data [9,10]. Placement of these instruments at sensitive locations on
the dam structure along with proper measuring devices, and finally online data registration lead to a
comprehensive dam safety assessment [11].

Structural failure of earth and rockfill dams may cause irreparable damages in the downstream
facilities. The dam performance should be assessed from different behavioral aspects during
health monitoring period (e.g., pore water pressures, tensions, displacements, and other controlling
parameters). The results from these assessments and their corresponding interpretations should be
regularly reported in a proper fashion. Moreover, special consideration in the event of emergencies
(e.g., flood or earthquake) must be addressed [12]. By comparing the current and past behavior,
the stability of the dam is evaluated [13].

Dam risk assessment can be utilized in various scales, from different perspectives, and also
subjected to multiple hazards [14]. One may focus on macro-scale studies such as dam portfolio in a
region [15], or perform a series of advanced numerical simulations [16-18], experimental tests [19,20],
or field investigations on a particular dam. This paper attempts to investigate the capabilities of
instrumentation in controlling the design and quality of an earth dam construction. Also, the stability
of the dam is evaluated by examining its current condition. The most sensitive locations within the
dam body is identified. The common concerns regarding the instrumented devices are addressed
for the case study dam, and their impact on the overall stability is evaluated. This paper provides a
comprehensive database for an earth dam with 10+ years of the monitored data.

2. Literature Review

Visual inspection was the first safety assessment method for embankments [11].
Next, instrumentation and monitoring tools were invented [21]. The 1853 recorded data from
topographic levels of the Gross Bois in France can be considered as the first application of dam data
monitoring [22]. During late 19th century, the open-pipe piezometers were used in USA, India, Europe,
and Asia to study the leakage water running under the dams specialized for irrigation and being
constructed on alluvial areas.
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Instrumentation and monitoring of structures and reservoirs are important concerns in dam
engineering [23]. The installation and monitoring of appropriate instrumentation are useful tools to
visually investigate the safety of an embankment dam. Furthermore, instrumentation may be used to
confirm that the long-term performance, such as creep deformation, is at the desired level [24]. In 1907,
this kind of instrumentation was employed by the Britain to study the water level fluctuations in earth
dams. In the USA, the reservoir water level and the hydrostatic gauges were initially employed in the
rehabilitation office of earth dams to measure and record the water level, and pore water pressure [5].
The installation of the hydrostatic pressure gauges in 1938-1939 for Cobol Dam in the New Mexico,
USA, is an example of early instrumentation [25]. Roy Karlson designed an instrument that measured
the pressure using a sensor involving a stretched wire in the concrete and earth dams [12]. Also, in 1930s
the researchers began to make use of the controlled instruments for the performance evaluation of the
dam constructions with planning data, and the construction methods. This attempt led to the design
of the two-piped hydraulic piezometers for measuring the pore pressure [26].

Gikas and Sakellariou [27] studied the long-term settlement behavior of Mornos Dam based on a
finite element analysis in comparison with the records of installed instruments. Vibration wire sensors
have a long life span, high accuracy, and stability. These sensors have been proved to be appropriate
for special and severe environmental conditions [28]. Its exit signal frequency makes it less sensitive to
the environmental noise and deficiencies in the conducting current than other sensors. Nowadays,
the vibration wire sensors are the most applicable among the implemented instrumentation [29].
During 1930s and 1940s, the use of vibration wire sensors for behavior analysis gained popularity
worldwide. In recent years, the instrumentation has gone under considerable changes that are indebted
to the advancements of electronics and microcomputer technology. The advancements in these fields
made it easier to collect and process the data; this has caused a change in the nature of instrumentation
results. Recently, it has been made feasible to receive the information from dams’ instrumentation
in the remotest areas of the world via satellites, and to transmit it to offices in other locations [30].
The information can be immediately simplified by computers and be put into a format that makes it
possible to instantly recognize the performance deviations of the construction.

According to the statistical results from the investigation of 14,700 dams reported
in ICOLD [31], Shi et al. [32], it was noticed that 7% were going to be destroyed and another 0.7%
were totally destroyed. According to this report, a major part of the constructed dams was of earth
and/or trench-type, and they had a very higher percentage of destruction in comparison to concrete
dams (i.e., 74%). This clearly represents the necessity of the behavior analysis of earth dams [33].

The main failure modes of earth dams are piping and leakage from the dam body, foundation
problems, and water overflow over the dam which can be identified by proper behavior analysis [34].
In a dam construction project, the instrumenting and stability analysis could be divided in four
general phases: planning, construction, initial drainage, and operation. In each of the phases,
the controlling parameters, such as leakage, displacement, and water pressure, are measured, evaluated,
and controlled. According to the water level variations during the dam operation, the behavior analysis
will gain high importance [35]. The rapid decrease or increase of the reservoir water level can lead
to dangerous problems. Therefore, this issue must be under continuous control [36]. One may note
that the dam behavior after severe events such as an earthquake or flood should be investigated
individually for each dam [37].

3. Materials and Methods
3.1. Type of Instruments
The instruments used in dam monitoring can be divided into two main groups: [38]:

e  Mechanical instruments: The main system of these instruments measures the quantity of interest
directly and converts the measurement into a target parameter [39]. Their installation is easy,
and in the case of failure, they can be easily replaced. Moreover, they are relatively cheap,
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and can be easily manufactured in a large amount. However, their application is limited in some
conditions, and they may fail to properly meet the required measurement accuracy.

e  Electrical instruments: They initially developed to cover the shortcomings of the mechanical
instruments. Their measurement factor is mainly vibrational. Electrical instruments measure the
quantity indirectly, and their reading results should be converted to the parameters via some
formulas [40].

In another classification, the instruments can be categorized as follows. [41]:

Stress measurements, e.g., Carlson soil stress meters and flat jacks.

Pore pressure measurement, e.g., open standpipe piezometers and Casagrande piezometers.
Flow measurement, e.g., weirs and impeller flow transducers.

Temperature measurement, e.g., thermocouples and thermistors.

Strong motion measurements.

3.2. Reading, Recording, and Processing the Data

The recording time of instruments should be in accordance with the instructions provided by
the project instrumentation engineer. It usually requires a long enough time to capture the potential
abnormalities. The time step should be dynamically adjusted based on the predicted (or recorded)
variations. All other executive activities should be also recorded for future stability assessment
purposes. Nearly all the response variations during the normal lifetime of dams are related to the
changes in pool elevation and climate conditions (e.g., environmental temperature, amount of rainfall).
Therefore, all the dam responses should be recorded in accordance to these variables, and visualized
by time. Finally, the processing may require some level of corrections to the reading, as well as
synchronizing multiple readings in a station.

The so-called cause and effect plots should be developed to properly address the response
variations. For example, plotting the response variations, such as body and foundation deformation
or pore water pressure versus to the pool level variations, is an effective way to explain the changes.
Moreover, whenever the dam recording is interrupted (for example the instrument is failed), one may
estimate the missing data by tracking the water level and temperature variations.

4. Case Study Dam

4.1. Boostan Dam Characteristics

Boostan Dam is constructed in Golestan province, and located ~35 km northeast of Gonbad
city, and 23 km upstream of the Golestan Dam. The dam is placed on the Gorganrood River with
coordination of 37° 25’ 30” east longitude and 55° 25’ 00” north latitude. The main purpose of this
dam is flood control, irrigation. The dam is also capable of regulating 28 Mm? water per year. General
characteristics of the dam are summarized in Table 1. Figure 2a shows a satellite photo of Boostan
Dam, and the general specifications of the dam and its associated structures are shown in Figure 2b.

Table 1. General characteristics of the Boostan Dam. PMEF: probable maximum flood.

Body Specification Reservoir Specification Design Specification
Dam type Homogeneous Earthen Reservoir volume 5 Mm?® PGA 015¢g
Dam height 35m Flood control volume 18 Mm?3  Spillway capacity 785 m3/s
Dam length 642 m Normal level area 4.1 km? Spillway type Ogee
Foundation width 265m Normal level high 96 m Spillway length 40m

Crest width 10 m Agriculture water volume 28 Mm? Flood design PMF
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(a) Satellite image (b) Dam and reservoir
Figure 2. Boostan Dam.

4.2. Instruments in Boostan Dam

At the design stage of the Boostan Dam, six main sections were marked to be instrumented in
the dam body. One of them (Section #2) is investigated in this paper. Section #2 is located exactly
in line with the center of the former river axis, and the foundation has special sensitivities around
there. Each of these sections comprises a set of tools such as standing and electric pipe piezometers
and pressure measuring cells mounted at certain distances from the dam axis. In this dam, a total of
34 piezometers have been installed in 6 sections, 34 electrical piezometers in 3 sections, and 5 dampers
in 3 different sections. Six pairs of pressure cells are also installed in a cross section (one horizontal
and one vertical), as well as two triangular overflow discharge measuring tools on the left and right
sides of the dam.

The drainpipes in the earth dams are required to ensure that the main body’s aggregates will
not be washed off. In Boostan Dam, a horizontal drainage blanket has been used as a supplement
along with the vertical chimney drainpipe. Also, considering that the chimney drainpipe was in
the vicinity of the dam central line, the critical conditions of the leakage forces are considerably
reduced. The installed instruments in the dam body and foundation of the Boostan Dam (to screen
the piezometeric level fluctuations) are cascade and vibrational piezometers. The location map of
these instruments for Section #2 are shown in Figure 3. The cut-off wall is built just below the body
and the dam crest. It is extended 20 m beneath the dam base for Section #2. The cut-off wall damps
the energy of the water passing under the dam, and avoids extensive uplift pressure by extending
water passage through the porous soil. Therefore, its proper operation should be evaluated by the
instrumented devices.

DAM AXIS
E‘ =+105.00

SP:

EL=+97,
97.00 SP

EPF1 EL=+60.00

Figure 3. Instrumentation map of Boostan Dam in Section #2.
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o Piezometers: Variation of pore water pressure is very important parameter in dam health
monitoring. An increase in pore water pressure decreases the (effective) shear stresses (and thus
treats the dam stability). The pore pressure leakage during the dam construction are affected
by the leakage force from the water flow into the dam. The required time for downstream soil
satiation and creation of a stable leakage has a direct relation to the soil type and the water regime
behind the dam. In the Boostan Dam, a homogeneous earth dam, the drainage blanket is very
effective, and can make the current lines vertical. Moreover, the presence of the drainage blanket
reduces the pore water pressure to a great extent.

e  Casagrande Piezometer: This is an effective and economical tool to measure the water pressure.
It involves a plastic porous pipe at the bottom of the bore and a PVC pipe to record the water
level. When the probe is entered into the pipe, upon its contact with water level, a continuous
vocal signal is produced. The upstream level of the piezometer pipes in elongation is determined
through survey operations, based on which the level and water height (total head) calculations
are performed. Total head (or piezometeric level) is a summation of the installed piezometer level,
z, and %, where U refers to pore pressure. Figure 4a shows a sample of installed Casagrande
piezometer. Table 2 shows the instrument specifications and their locations corresponding to
Figure 3.

e  Vibrating Wire Piezometer: The vibrational piezometers are reliable and stable instruments
to measure the pore water pressure. The output of the piezometer includes a signal that is
independent from impedance and the contact resistance, and can transmit the signal to a long
distance. The sensor includes a porous tip piece often made of ceramic materials and a diaphragm.
This diaphragm at its bottom is attached to a prestressed piece. When the pore pressure changes,
the diaphragm moves, and alters the tension in the attached warp. The frequency of the normal
vibration wire is a function of the imposed stress. Sample of the installed wire piezometer is
shown in Figure 4b. Table 3 shows the instrument specifications and their locations corresponding
to Figure 3.

o  Total Pressure Cell: The effective soil pressure as well as the water pressure can be measured
by total pressure cells. The instrument includes a flat cell filled with oil. The pressure imposed
on the cell is imposed on the oil and is transformed into some signals by a transducer. They are
connected to a digital reading device via some cables. This device measures the pressure imposed
on the cell, see Figure 4c. A total of six pressure cells have been installed in Boostan Dam. Table 4
shows the instrument specifications and their locations. the location of TPC-2 can be found in
Figure 3 at the lower discharge place.

Table 2. Characteristics of Piezometers and Casagrande Piezometer installed in Section #2 of
Boostan Dam.

Name Distance from Axis Elevation Location Situation
SP-5 45.00 96.5 Upstream Foundation
SP-8 7.75 50.0 Upstream  Foundation

Sp-10 33.00 61.0 Downstream  Foundation

SP-12 113.25 68.0 Downstream  Foundation

Table 3. Characteristics of Vibrating Wire Piezometer installed in Section #2 of Boostan Dam.

Name Distance from Axis Elevation Location Situation

EPF-1 65.00 60 Upstream Foundation
EPF-2 65.00 85 Upstream Dam Body
EPF-3 30.00 85 Upstream Dam Body
EPF-4 3.85 60 Upstream Foundation
EPF-5 3.85 60 Downstream  Foundation

EPF-6 0.00 72 Axis Foundation
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Table 4. Specifications of total pressure cells installed in Boostan Dam.

Name Elevation Direction Location Section
TPC-1 78.6 Vertical Lower Discharge #1
TPC-2 77.6 Horizontal Lower Discharge #2
TPC-3 77.1 Vertical Lower Discharge #3
TPC-4 76.8 Horizontal ~Lower Discharge #4
TPC-5 77.0 Vertical Lower Discharge #5

TPC-6 75.9 Horizontal =~ Lower Discharge #6

Extension

Casagrande

piezometer E
N 7] P252R vented

g Pressure transducer

tubing {111+ Pizometric line
| (pore pressure) )
PN "
A A
Dipmeter ' blind tube > ‘
Casagrande tip 7 vented signal cable ¢ -
OWE203KEOZH 7 \(

[

B N
Vibrating wire %, B Casagrande filter
piezometer N QL] Model P101
(a) Casagrande piezometer, and the reading gauge  (b) Vibration wire piezometer (c) Total pressure cell

Figure 4. Sample of installed instruments in Boostan Dam; photos adapted from www.sisgeo.com.
5. Results and Observations

Data from instrumentation in Boostan Dam are recorded hourly, and collected monthly. Data are
collected for approximately 12 years (2006 to 2018). The collected and filtered data are then used to
plot several appropriate graphs, and finally to evaluate the stability of the dam.

5.1. Performance of the Casagrande Piezometers

To evaluate the stability of the dam, three quantities are tracked: (1) piezometeric level; (2) pore
pressure; and (3) hydraulic loss, see Figure 5. Four Casagrande piezometers have been installed in
the foundation: SP-5 and SP-8 are located upstream of the dam, and SP-10 and SP-12 are located
downstream of the dam. Screening the general trend of the piezometeric level variations reveals a
reduction due to water passing through the foundation layers. Variations of the piezometeric level
in SP-5 are in close agreement with pool level variations (which is reasonable considering the spatial
location of SP-5 at level 69.5 m). The upper level of the piezometer pipe is located at 97 m, and thus we
lose the reading if the pool level reaches this value.

SP-8 is installed at the upstream dam body (and is more close to the bottom of the cut-off wall),
and is less sensitive to the water level fluctuations. SP-10 and SP-12 piezometers, which are located in
the dam downstream, are more affected by the water level fluctuations and show a logical hydraulic
loss compared to the reservoir level. The sudden jumps can be attributed to the reading and recording
errors. As it is expected, the piezometeric level in SP-12 shows a considerable difference with regard
to the reservoir water level. The water level fluctuations are effective on the piezometer’s behavior.
According to these plots, the hydraulic loss is increased by getting away from the reservoir (e.g., SP-12).
Total hydraulic loss in different piezometers is SP-5 from 0.0 to 2.18 m, SP-8 from 1.65 to 13.64 m, SP-10
from 2.43 to 15.53 m, and SP-12 from 9.23 to 21.5 m.
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Figure 5. Recorded data by Casagrande piezometers at Section #2.

5.2. Performance of the Vibration Wire Piezometers

Similar to the previous section, the piezometeric level, pore pressure, and hydraulic loss curves are
computed for the vibration wire piezometers; see Figure 6. Based on the locating map of the installed
instruments, EPF-1 and EPF-4 are located in the upstream, whereas EPF-5 and EPF-10 piezometers
are installed in the downstream cut-off wall at foundation level (EPF-10 is not operating anymore).
According to the plots, the piezometeric level follows the same trend as the pool elevation at the
upstream. For example, the piezometeric level in EPF-1 and EPF-4 is close to the reservoir level.
The piezometeric level changes when the pool level exceeds 95 m.

The water head loss is increased by getting away from the reservoir. As seen, the general trend of
fluctuations in the pore pressure is similar to those curves from the piezometeric level. Total hydraulic
loss in different piezometers can be summarized as EPF-1 from 0 to 4.36 m, EPF-4 from 0.42 to 8.49 m,
and EPF-5 from 6.91 to 15.38 m. Comparing the water head loss values in 2005 and the previous years,
the general condition of the dam seems to be normal.

[—W.L.—EPF-5—EPF-4—EPF-1 [ EPFs —EPFd—EPFR] EPF-5 —EPF-4 — EPF-1
350 15
=95
3 5 \/ 10
5 &
E90 2% f\/\A /e
g /\/\_ /- 2 ﬂ/
E % 250 = 5
85 g /\
3 ﬂ N VY
=
80 200 0 A\
2006 2008 2010 2012 2014 2016 2018 2006 2008 2010 2012 2014 2016 2018 2006 2008 2010 2012 2014 2016 2018
Date [year] Date [year] Date [year]
(a) Piezometric level variations (b) Pore pressure variations (c) Hydraulic loss variations

Figure 6. Recorded data by vibration wire piezometers at section #2.

5.3. Hysteresis Curve of the Foundation Piezometers

A hysteresis curve presents a graph where the horizontal axis is the reservoir water level and the
vertical one is the pressure head. The hysteresis curve is plotted for different recording dates, and thus
is a metric to show the stability of the foundation and performance of the cut-off wall. The temporal
nature of “water level” and “pressure” curves in Figure 7a is converted to the hysteresis curve in
Figure 7b for a sample piezometer. The structural health of a dam foundation (i.e., the lack of scouring
in the foundation particles) has a direct relation with narrow hysteresis curve. It is also possible to fit a
first-order polynomial to the data points. Such a predictive model presents the pressure as a function
of the water head.
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Figure 7. Developing a hysteresis curve.
5.4. Excess Pore Pressure Ratio

The excess pore pressure ratio, Ry, is defined as the fraction of pore pressure from pizometric
reading, U = 4 X hy, to the vertical effective overburden stress, 0, = s X hs (Where h presents the
height and 7 is the specific density). This is a very important parameter in the stability assessment of
earth dams. The dam performance is evaluated as follows.

e If Ry < 0.4: Dam conditions are safe and favorable
If 0.4 < Ry < 0.6: There is a potential risk. The considered section should be continuously
evaluated for updated results.

e If Ry > 0.6: Dam is in a critical condition. As the pore pressure is high, the water tends to exit the
soil. This may eventually lead to dam failure.

o IfU > o0y (ie, Ry > 1): A hydraulic failure occurs in the dam.

Variations of Ry at Section #2 are plotted in Figure 8 for Boostan Dam. For the majority of
pizometers, this value is less than 0.4, showing the satisfactory condition with no immediate risk of
uplift. EPF-1 is located at the closest distance from the reservoir, and is highly affected then. The Ry;
associated with this pizometer shows some values beyond 0.4 (and at some dates even beyond 0.5).
Therefore, this section should be monitored regularly for any sudden changes in future.

| —EPF-1 —EPF-2 — EPF-5 — EPF-6 —EPF-7

057 | \\/\/\/ |
)//\_/ ’\/X N
0.4 |
200 ﬂ e ’
i ,J NV N
~

0.1 r ,_& 1

2006 2008 2010 2012 2014 2016 2018
Date [year]

Figure 8. Variation of Ry in Section #2.
5.5. Performance of the Total Pressure Cells

The location and direction of six total pressure cells (TPC) are shown in Table 4. All of them are
installed in Section #4. Variation of the vertical, horizontal, and ratio of total pressure are shown in
Figure 9. In general, the fluctuations in both horizontal and vertical pressure components are consistent
with the reservoir level variations. In the most of locations, the vertical pressure is higher than the
horizontal one. Only in one location their ratio varies around unit. This results also show that TPC-4 is
more sensitive to the water level.
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Figure 9. Variation of total pressure in Section #4.

Finally, Figure 10 presents the variations of arcing ratio in different total pressure cells. It is simply
the ratio of total pressure values to the soil overburden pressure. As seen, the ratios from TPC-1, TPC-2,
TPC-3, and TPC-5 range between 0.3 and 0.7. They correspond to favorable and normal conditions.
The curve associate with TPC-4 and TPC-6 shows smaller values, and it can be attributed to the fact
that their direction is no longer aligned with the horizon.

‘— TPC-4 —TPC-6 —TPC-2—TPC-5—TPC-1 —TPC-3

A
R

;/\/\w/\/'\/—\/\/\/\/

0.7 1
0.6 ’/)
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Arcing ratio

0.3

«

0.2

2008 2010 2012 2014 2016 2018
Date [year]

Figure 10. Variation of arcing ratio in total pressure cells in section #4.
6. Summary

This paper reports the findings of instrumented health monitoring of an earth dam, and the
subsequent stability assessment. Three types of instruments (i.e., ordinary Piezometers, Casagrande
piezometers, and total pressure cells) were used in this study, and their data were collected for about
12 years. Analyzing the collected data indicates that there is a considerable pressure drop due to
the presence of cut-off wall on the dam axis. The results of piezometers show that the drainage is
efficient, and the water table in the body is adequate. In the Boostan Dam, the excess pore pressure is
acquired from the electrical piezometers data and their fluctuations over time indicate a safe operation
of dam with no uplift risk. Finally, the instrument shows a reasonable horizontal stresses. Overall,
the condition of the case study dam is assessed to be normal during its first 15 years of operation.
Although there is a limited drainage at the downstream of the dam seal wall, it does not seem to be an
immediate threat to dam safety.
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