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ABSTRACT: The Kapchagay Hydropower Plant (HPP), one of the largest hydraulic structures in Kazakhstan, is
located in a seismically active region. This study was conducted in 2000 after an abnormal drop in the water level
in the Kapchagay Reservoir was discovered during its operation. A comprehensive investigation was conducted
to identify the causes of water losses and assess the operational and seismic safety of the facility. The program
included seismic hazard assessment, synthetic accelerogram generation, seismic risk modeling, vertical electrical
sounding (VES), underwater inspections, and stability analyses of the riverbed and saddle dams. Based on
geological, geophysical, and seismotectonic data, the characteristics of potentially hazardous seismogenic zones
were refined and design seismic loading scenarios were developed. The results showed that the Zailiysky
seismogenic zone represents the most critical seismic source for the site, producing a peak ground acceleration
of 205 cm/s?, corresponding to an intensity of 8 points on the MSK-64 scale. Stability analyses confirmed that
both dams satisfy the safety requirements for Class Il hydraulic structures at the recommended normal retaining
water level of 479 m. VES investigations identified seepage-related anomalies, which were subsequently
confirmed through underwater inspections. Pressure grouting of the weakened zone eliminated abnormal water
losses and improved the reliability of the hydraulic structures. The study demonstrates the effectiveness of
integrating seismic hazard assessment, risk analysis, geophysical diagnostics, underwater inspections, and
engineering remediation within a unified framework for hydraulic structure safety management.

Keywords: Seismic risk, Hydraulic structure, Synthetic accelerograms, GIS-based system “Extremum”, Vertical
electrical sounding, Injection cementing.

1. INTRODUCTION houses in the settlement of Kyzylagash.
Numerous factors, including the condition of the
Hydropower remains one of the most accessible soil mass, seepage regime, hydrogeological
renewable energy sources. Hydroelectric power conditions, reservoir operating conditions, and
plants provide not only electricity generation but environmental influences, determine the reliability
also water resource regulation, support for irrigation of earth dams. Hidden seepage processes developing
systems, and environmental protection functions within the dam body pose a particular hazard. Such
[1,2]. Therefore, ensuring the safety of hydraulic processes may evolve over long periods without
structures remains a key engineering challenge, visible signs, gradually reducing the dam's stability
particularly in regions exposed to elevated seismic margin and increasing the probability of damage
risk. Studies of the consequences of potential dam during strong seismic events [4,5]. Analyses of
failures indicate that, in addition to ensuring failures and damage to hydraulic structures show
operational reliability, it is necessary to consider the that the most severe consequences are usually
risk to the population and infrastructure within associated with a combination of several adverse
potential flood zones [3]. For example, the factors, among which seepage, internal soil erosion,
Kyzylagash disaster in the Almaty Region, which and seismic loading play significant roles [6]. Among
occurred on the night of March 11-12, 2010, as a dams constructed from local materials, particularly
result of overtopping and dam failure, claimed the rockfill dams, those designed and built in accordance
lives of 45 people and destroyed approximately 300 with seismic-resistant engineering requirements
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have proven to be among the safest under seismic
conditions [7,8].

Recent studies demonstrate the high
effectiveness of modern diagnostic and engineering
protection methods for hydraulic structures. Case
studies of several dams in Vietnam have shown that
the timely identification of zones with increased
seepage can prevent the development of slope
deformations and the loss of structural stability
[9,10]. Technologies such as grouting, pressure-
injection treatment of soils, and other seepage-
control measures have been successfully applied to
localize these processes [11-13]. At the same time,
the use of geophysical investigation methods is
expanding, enabling the detection of hidden defects
without disrupting the normal operation of hydraulic
structures.

A separate area of research is focused on
assessing the behavior of earth dams under seismic
loading. Experimental and numerical studies have
shown that the presence of loosened zones and
areas with increased water saturation can
significantly affect the seismic stability of dams
during strong earthquakes [14-16]. In recent years,
machine learning methods have been increasingly
applied to the analysis of such phenomena, enabling
the identification of factors controlling the
development of seismically induced deformations in
soil masses [17]. Consequently, integrated
assessment approaches that combine seismic hazard
analysis, field investigations, and engineering
calculations are becoming increasingly important.

Despite the large number of studies devoted to
the seismic stability of dams, seepage processes, and
soil reinforcement technologies, practical case
studies in which structural inspection, seismic hazard
assessment, risk analysis, geophysical diagnostics,
and subsequent engineering measures are
considered as a unified process remain relatively
limited in the literature [18].

The Kapchagay HPP, located on the Ili River
approximately 70 km north of Almaty, is one of the
largest hydropower facilities in Kazakhstan. The
hydropower complex is situated within the influence
zone of the active seismogenic structures of the
Northern Tien Shan, where several destructive
earthquakes with magnitudes exceeding 8.0 have
occurred over the past 150 years [19,20]. According
to long-term observations and recent studies, this
region is considered one of the most seismically
hazardous areas in Central Asia [21].

In early 2000, an anomalous decrease in the
water level of the Kapchagay Reservoir was detected
during its operation. It could not be explained by the
hydropower complex's operating regime or
hydrological conditions. To determine the causes of
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water losses and assess the technical condition of
the hydropower complex, a comprehensive
investigation program was conducted. It included an
analysis of the region's seismotectonic setting, a
seismic hazard assessment, the development of
design seismic loading scenarios, an evaluation of
individual seismic risk, geophysical surveys using the
vertical electrical sounding (VES) method, and
underwater inspections of the dams. The results
obtained were subsequently used to develop and
implement engineering measures to eliminate the
identified defects.

This study aims to analyze the results of
investigations and engineering measures conducted
at the Kapchagay HPP to identify the causes of the
anomalous decrease in the reservoir water level,
assess operational and seismic safety, and improve
the reliability of the hydraulic structure. Unlike most
previously published studies that focus on individual
aspects of dam safety, the present work adopts an
integrated approach that combines seismic hazard
assessment, individual seismic risk modeling,
geophysical diagnostics, underwater inspection of
hydraulic  structures, stability analyses, and
engineering measures to eliminate identified defects
within a unified framework for engineering decision-
making.

2. RESEARCH SIGNIFICANCE

The scientific significance of this study lies in the
development and validation of an integrated
methodology for evaluating the seismic safety and
technical condition of hydraulic structures located in
seismically active regions. The novelty of the
proposed approach is the combined application of
seismic hazard assessment, synthetic ground-motion
modeling, individual seismic risk  analysis,
geophysical investigations, and underwater
inspection to solve a single engineering problem. The
consistency of these independent methods enabled
reliable identification and verification of a hidden
seepage zone and supported the selection of
effective remediation measures. The proposed
methodology can be applied to improve the safety
assessment and management of earth dams and
other hydraulic structures in seismic regions.

3. MATERIALS AND METHODS

3.1. Study Area and Characteristics of Kapchagay
HPP

The Kapchagay HPP is one of Kazakhstan's
strategic infrastructure facilities, enabling the
effective utilization of the Ili River's water resources
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(Fig. 1). Although it was commissioned in the early
1970s, it remains an important hydraulic structure. It
plays a key role in supplying electricity to the region,
including part of the city of Almaty.

Fig. 1. a) aerial view of the Kapchagay Hydroelectric
Power Plant; b) view from the downstream side
showing the turbine penstocks and operational
spillways.

The Kapchagay HPP is a dam-type hydropower
facility with a powerhouse located on the riverbank.
The main structures of the hydropower complex
include the riverbed and saddle earth dams, intake
structure, four turbine penstocks, operational
spillway, powerhouse, and tailrace canal (Table 1).
Water impoundment is provided by the Kapchagay
Reservoir, which has a surface area of approximately
1,847 km? and a storage capacity of about 28 km?3,
making it one of the largest reservoirs in Kazakhstan.
The average annual electricity generation ranges
from 972 to 1,163 million kWh, depending on the
hydrological conditions of the Ili River basin.

3.2. Monitoring System and Initial Data

To monitor the dynamic behavior of the
Kapchagay HPP structures, an engineering
seismometric station was established in 1975. The
station consists of three recording points located on
the crest of the earth dam, on the bedrock
foundation, and on the structural frame of the
powerhouse building. Observations have been
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conducted continuously throughout the entire
operational period of the hydropower complex.
During its operation, the station recorded several
significant regional earthquakes, including the 1978
Zhalanash-Tyup earthquake (M = 6.6) and the 1979
Bakanas earthquake (M = 5.9) [22]. Instrumental
records of ground motions with intensities of up to
4-5 points on the MSK-64 scale were obtained. In
subsequent years, the station recorded numerous
weak local earthquakes. The engineering
seismometric station remains operational today,
providing valuable information on the dynamic
response of the structures to natural seismic loading
[23].

Table 1. Main Geometric Characteristics of the
Kapchagay Hydroelectric Power Plant Structures

Structure Geometric Value, m
Parameter

Riverbed Dam Length 470.0
Height 50.0
Base width 450.0

Saddle Dam Length 370.0
Height 56.0
Base width 270.0

Intake Structure Length 102.0
Height 33.0

Turbine Penstocks Diameter 8.0
Length of tunnel 92.08
section
Length of open 10.2
section
Length of each 150.3
tunnel
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Figure 2. Fragment of the map of seismogenic zones
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The Kapchagay HPP is located within the
influence zone of the active seismogenic structures
of the Northern Tien Shan. According to
seismological studies, the nearest seismogenic zones
can generate earthquakes that may produce seismic
intensities of 7-8 points at the structure's site [24].
The most significant seismic sources affecting the
region are the Almaty, Zailiysky, Kungey, Malaisary,
and Degeres seismogenic zones (Fig. 2). The
parameters of these zones were used in the seismic
hazard assessment and in generating design
synthetic accelerograms.

3.3. Research Methodology

In early 2000, an anomalous decrease in the
water level of the Kapchagay Reservoir was detected
that could not be explained by hydrological
conditions or the operating regime. Analysis of the
water balance revealed a discrepancy between the
volume of water entering the reservoir via the lli
River and the discharge from the hydropower plant's
hydraulic structures. In the event of a failure,
settlements located downstream, including Bakanas,
Bakbakhty, Akshi, and others, could have been
exposed to significant risk.

In response to the identified anomalous water
losses, specialists of the Institute of Seismology
(currently the National Scientific Center for
Seismological Observations and Research of the
Ministry of Emergency Situations of the Republic of
Kazakhstan) were tasked with determining their
causes, assessing their potential impact on the
reliability of the hydraulic structures, and developing
measures to ensure the continued safe operation of
the hydropower complex.

To address this problem, a comprehensive
investigation program was implemented (Figure 3),
including visual inspection of the structures and
analysis of design and technical documentation,
seismotectonic analysis of the study area, seismic
hazard assessment and modeling of design seismic
loading scenarios, individual seismic risk assessment,
determination of the dynamic properties of sails,
stability analyses of the riverbed and saddle dams
under seismic loading, geophysical investigations
using the vertical electrical sounding (VES) method,
underwater inspection of the most critical hydraulic
structures, as well as the development and
implementation of engineering measures to
eliminate the identified defects.

The geophysical investigations were carried out
using the vertical electrical sounding (VES) method
based on the Schlumberger array configuration.
Observation points were spaced at 5 m intervals
along the survey profile, and the depth of
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investigation reached approximately 25 m within the
soil mass. The measurement error did not exceed
15%.

STAGE 1. HAZARD ASSESSMENT |

Seismic Hazard |

.

Synthetic Accelerograms |

{

STAGE 2. SAFETY EVALUATION ‘

Risk Assessment |

'

Dynamic Soil Properties |

!

Slope Stability Analysis |

VES Survey |

!

Underwater Inspection |

!

STAGE 3. ENGINEERING IMPROVEMENT ‘

Remediation |

Fig. 3. Workflow of the integrated investigation,
seismic  risk assessment, and engineering
remediation program implemented at the
Kapchagay Hydroelectric Power Station.

The integrated application of these methods
enabled the systematic identification of the cause of
the anomalous water losses, the assessment of the
associated operational and seismic risks, and the
development and implementation of effective
measures to enhance the reliability and safety of the
Kapchagay HPP.

4. RESULTS AND DISCUSSION.
4.1. Seismic Hazard Assessment

Analysis of seismological, geological, and
seismotectonic data showed that several active
seismogenic structures of the Northern Tien Shan
influence the Kapchagay HPP. The regional
earthquake catalog revealed periods of increased
seismic activity in the area of the hydropower
complex and its immediate vicinity in 1964, 1989,
and 1993. Although the Kapchagay HPP is not
located directly within an active seismogenic zone,
the possibility of strong seismic impacts from nearby
sources in northeastern Dzungaria and southeastern
Kazakhstan cannot be ruled out. The parameters of
potential earthquake sources were estimated using
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the seismotectonic model and the seismic source
zone map of Kazakhstan [25].

Therefore, five seismogenic zones with the
greatest potential impact on the Kapchagay HPP
were selected for further analysis: Kungey, Zailiysky,
Almaty, Malaisary, and Degeres. These zones are
characterized by expected maximum earthquake
magnitudes ranging from Mmax = 6.0 to Mmax = 8.3
and by varying distances from the hydraulic complex.
Table 2 presents the main parameters of the
selected potential earthquake sources, including the
maximum magnitude, focal depth, and minimum
epicentral distance to the Kapchagay hydropower
complex.

Table 2. Main  parameters of the potential
earthquake sources (PESs)
Seismogenic  Maximum Epicentral Depth Coordinates
zone magnitude, distance of of the PES
Mmax Rpmin PES,
(km) (km)
Kungey 8.3 104 25 43°06' N-
78°09' E
Zailiysky 8.0 72 25 43°23' N-
77°47'E
Almaty 7.0 63 15 43°28' N-
77°09' E
Malaisary 6.5 41 15 44°12' N-
77°24'E
Degeres 6.0 23 10 43°59' N-
76°53'E

Figure 4 shows the locations of the potential
earthquake sources within the selected seismogenic
zones.
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Fig. 4. Map of the potential earthquake sources
(PESs) within the selected seismogenic zones.

Based on the parameters of the identified
potential earthquake sources, the characteristics of
the expected seismic loading were determined for
each seismogenic zone. The resulting values of peak
ground acceleration, predominant vibration periods,
and pulse durations were used to generate
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ensembles of synthetic accelerograms and response
spectra required for the subsequent assessment of
the seismic stability of the Kapchagay HPP
structures.

4.2. Synthetic Accelerogram Generation

To assess the seismic stability of the Kapchagay
HPP structures, design seismic loading parameters
were determined for each identified potential
earthquake source. The primary objective was to
generate ensembles of synthetic accelerograms and
corresponding response spectra representing the
most probable characteristics of strong earthquakes
that could affect the facility. In developing the design
seismic loading scenarios, the principal ground-
motion  parameters required to generate
accelerograms in both the time and spectral domains
were determined, including peak ground
acceleration (PGA), predominant period (T), and
effective pulse duration (At). These parameters were
subsequently used to generate ensembles of
synthetic accelerograms and construct the
corresponding response spectra. The main
characteristics of the expected strong earthquakes
are presented in Table 3.

Due to the absence of instrumental records of
strong earthquakes in the vicinity of the Kapchagay
HPP, the spectral characteristics of the design
seismic loading were determined from analyses of
international  strong-motion  databases and
contemporary approaches to synthetic
accelerogram modeling [26,27].

Table 3. Main characteristics of the expected strong
earthquakes

Seismogenic PGA T(s) At (s)
zone (cm/s?)

Kungey 171 0.8 27.0
Zailiysky 205 0.66 19.0
Almaty 127 0.45 12.0
Malaisary 102 0.25 7.4
Degeres 142 0.26 4.5

The selection of the most critical potential
earthquake source (PES) for the Kapchagay HPP was
based on an analysis of several factors, including the
potential earthquake magnitude, the distance to the
hydropower site, the expected ground-acceleration
level, and the characteristics of the ground-motion
spectral content.

Despite its slightly lower maximum magnitude
(Mmax = 8.0), the Zailiysky seismogenic zone is
located significantly closer to the Kapchagay
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hydropower complex. The minimum distance from
the Zailiysky zone to the site is approximately 72 km,
whereas the minimum distance from the Kungey
zone to the site exceeds 100 km. The calculations
showed that the peak ground acceleration (PGA) for
the Zailiysky zone reaches 205 cm/s?, corresponding
to a seismicintensity of 8 points on the MSK-64 scale.
In contrast, the calculated PGA for the Kungey zone
is 171 cm/s?, despite the higher potential earthquake
magnitude. These results indicate that, in this case,
the distance from the seismic source to the site has
a greater influence on the expected seismic loading
than the difference in earthquake magnitude.

Thus, the calculations showed that the Zailiysky
seismogenic zone causes the most intense seismic
loading on the Kapchagay HPP structures.
Consequently, this scenario was adopted as the
controlling case for the seismic stability analysis of
the hydropower complex. Figure 5 presents the
synthetic accelerogram for the potential earthquake
source (PES) within the Zailiysky seismogenic zone
and the corresponding response spectra.
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Fig. 5. (a) Synthetic accelerogram corresponding to
the most hazardous seismic loading level with Mmax
= 8.0; (b) corresponding response spectra for
damping ratios of 0, 2, 5, 10, and 20% for the
potential earthquake source within the Zailiysky
seismogenic zone.

4.3. Seismic Risk Modeling

A probabilistic approach is commonly used to
assess the consequences of strong earthquakes
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because both seismic loading parameters and
structural response are inherently uncertain. At the
stage of predictive calculations, it is impossible to
determine the exact ground-shaking intensity for
each structure. Even under identical seismic loading,
the degree of damage to similar structures may vary
considerably  depending on  their design
characteristics and technical condition. Therefore,
the extent of structural damage and the potential
loss of life result from the interaction between two
factors: earthquake intensity and the seismic
resistance of the affected structures [28].

To assess the potential consequences of a strong
earthquake associated with the  Zailiysky
seismogenic zone, an individual seismic risk
assessment was conducted for the Kapchagay HPP
area over a 10-year forecast period. The calculations
were performed using the GIS-based system
“Extremum,” which is designed to model the
consequences of natural hazards and estimate
potential losses to population and infrastructure
[29].

The individual risk of people being present in
damaged buildings within the considered seismically
hazardous area was determined using the following
equation:

_ n_Mj
Rel - pz X Zl N;*T

(1),

where P, — probability of occurrence of the
considered seismic event;

mi - expected human losses within the i-th
territorial unit;

Ni — population exposed to hazardous seismic
impact within the considered territorial unit;

T —assessment time period.

The probability of occurrence of the considered
seismic event, considering the combined set of
registered earthquake precursors, was determined
using the following relationship:

P=1-[[iZ3(1 - B) (2),

where Pz — integrated probability of occurrence
of the considered seismic event, taking into account
the combined set of registered earthquake
precursors;

Pi — probability of earthquake occurrence

associated with the manifestation of the i-th
precursor.

The expected population losses were estimated
using the GIS-based system “Extremum.” For the
design earthquake scenario associated with the
Zailiysky seismogenic zone, the probability of
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occurrence within the 10-year forecast period was
assumed to be 0.7. According to the simulation
results, the expected population losses for the
considered earthquake scenario amounted to
521,653 people. Given a total population of
11,536,018 within the potential impact zone, the
individual seismic risk was calculated as follows:

(521653)

R,; = 0,7 X =
i (10 x 11536018)
=3.16 x 1073 year™?!

3)

It should be noted that the population figure of
11,536,018 corresponds to the total population
within the computational domain covered by the
GIS-based system “Extremum,” rather than only the
population of settlements located within the
potential flood zone downstream of the Kapchagay
HPP. The obtained value corresponds to the design
scenario for the maximum expected earthquake and
was used to compare the hazard associated with
different potential earthquake sources. The
modeling results for the earthquake scenario
originating from the Zailiysky seismogenic zone are
presented in Figure 6. The calculations showed that
this scenario has the most severe expected
consequences among all considered potential
earthquake sources and was therefore adopted as
the controlling design scenario for the safety
assessment of the Kapchagay HPP.

The risk map indicates that the greatest expected

losses are concentrated in settlements located
downstream along the Ili River. The resulting
population value corresponds to the entire

calculation zone used in the Extremum GIS system
and was used solely for comparative assessment of
seismic scenarios, not for assessing direct losses
associated with the potential failure of the
Kapchagay Hydroelectric Power Plant.
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Fig. 6. Results of the calculations for the potential
earthquake source (PES) within the Zailiysky zone.

4.4. Seismic Stability Analysis of the Dams

Visual inspection and analysis of the design
documentation showed that the HPP dams are
founded against competent rock formations. The
dams were constructed on bedrock and consist of
three soil layers: a gravelly-crushed stone layer,
overlain by sandy loam and sand, with a final leveling
and compaction layer composed of aeolian sand
(Table 4).

The study used experimental data on the
dynamic characteristics of the dams, previously
obtained using the impact excitation method and a
JDK-24 digital seismic station manufactured by the
Swiss company Geosys [30]. The dynamic
characteristics of the riverbed and saddle dams are
presented in Table 5.

Analysis of the natural vibration characteristics
showed that the saddle dam has higher natural
frequencies (2.56—8.26 Hz) than the riverbed dam
(1.78-6.31 Hz), indicating greater structural
stiffness. The most significant differences are
observed in the first vibration mode: the natural
period of the riverbed dam is 0.56 s, whereas that of
the saddle dam is 0.39 s. This indicates a higher
dynamic flexibility of the riverbed dam under seismic
loading.

Table 4. Design Properties of Soils in the Dam Body and Foundation of the Riverbed and Saddle Dams of the

Kapchagay HPP

No. Soil Type pd, t/m3 p, t/m?3 ¢ (°) C-103, kg/cm? ps, t/m?3 v
Riverbed Earthfill Dam

1 Aeolian hydraulic-fill sand, 1.50 1.94 26.6 0.0 2.67 0.30
central dam zone

2 Aeolian hydraulic-fill sand, 1.54 1.96 27.5 0.0 2.67 0.28
side shells

3 Aeolian hydraulic-fill sand, 1.65 2.03 28.8 0.0 2.67 0.27
downstream wedge

4 Gravelly-crushed stone soil 1.70 2.06 32.2 0.0 2.65 0.25

5 Sandy-gravel soil, 1.65 2.03 31.8 0.0 2.66 0.27
transition layer in the downstream wedge

6 Alluvial gravel-sand deposits in the dam 1.80 2.10 315 0.0 2.62 0.28
foundation
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Table 4 Continue

7 Rockfill mass, 2.06
downstream rock berm

8 Foundation bedrock (fractured quartz 2.58
porphyry)
Saddle Earthfill Dam

9 Gravelly-crushed stone soils, 1.80
upstream wedge

10 Aeolian sands, 1.65
downstream embankment

11 Sandy-loam soil, 1.70
internal dam core

12 Rockfill mass, supporting prisms, and upstream 2.06
slope protection

13 Sandy-gravel deposits in the foundation 1.70

2.28 33.4 0.0 2.65 0.22
2.61 31.0 0.2 2.65 0.25
2.13 32.6 0.0 2.70 0.25
2.03 28.8 0.0 2.67 0.27
2.06 27.9 0.0 2.67 0.32
2.28 334 0.0 2.65 0.22
2.06 29.7 0.0 2.65 0.28

Note: pd — dry soil density; p — density of fully saturated soil; ps — density of soil particles; v — Poisson's ratio;

¢ — internal friction angle; C — cohesion.

The soil properties were adopted from the design documentation and engineering investigations of the

Kapchagay HPP [30-32].

Table 5. Dynamic Characteristics of the Riverbed and
Saddle Dams

Parameter Riverbed Dam Saddle Dam
First natural 1.78 2.56
frequency, Hz

First natural period, s 0.56 0.39
Maximum frequency, 6.31 8.26

Hz

Minimum period, s 0.16 0.12
Frequency range, Hz 1.78-6.31 2.56-8.26
Period range, s 0.16 —0.56 0.12-0.39

Slope stability analysis was performed using the
computer program “Otkos” (Moscow, Hydroproject)
[31]. Four upstream water level conditions
corresponding to different normal retaining water
levels (NRWL) were considered:

1. Elevation 485 m — maximum design water
level;

2.  Elevation 475.9 m —water level according to
the survey conducted by KazHydro LLP [32];

3.  Elevation 479 m — maximum permitted
operating water level;

4. Elevation 475 m.

The stability analyses were performed in
accordance with the requirements of Building Codes,
Standards, and Regulations (SNiP), SNiP 2.06.05-84
and SNiP II-7-81, Section 5, “Hydraulic Structures”.
Currently, similar analyses in Kazakhstan are carried
out in accordance with the Code of Practice of the
Republic of Kazakhstan (SP RK) 3.04-01-2013 and SP
RK 3.04-105-2014. For Class Il hydraulic structures,
the design reliability factor associated with the
structure's importance is set at yn = 1.20. With an
operating conditions factor of y. = 1.05, the
minimum allowable factor of safety is Ks, min = yn/yc
=1.14.

The analyses showed that, at a normal retaining
water level (NRWL) of 479 m, the required stability
level of both the riverbed and saddle dams is
maintained under a design earthquake of 8 points on
the MSK-64 scale, corresponding to a peak ground
acceleration of 205 c¢cm/s%. Table 6 presents the
calculated slope stability safety factors (Ks) for the
riverbed and saddle dams at different NRWL
elevations for potential earthquakes with intensities
of 8 and 9 points on the MSK-64 macroseismic scale.

Table 6. Calculated Slope Stability Safety Factors of the Riverbed and Saddle Dams at Different Normal Retaining

Water Levels (NRWLs)

Seismic Upstream Water

Riverbed Dam

Saddle Dam

Intensity Level Elevation, Upstream Slope Ks
(MSK-64), m
points
8 485.0 1.00
8 479.0 1.14
9 485.0 0.689
9 475.9 0.944*
9 475.0 0.91

Downstream Slope Ks

Upstream Slope Ks  Downstream Slope Ks

1.47 1.15 1.25
1.47 1.50 1.25
1.076 0.785 0.917
1.076 1.11* 0.917
1.076 111 0.917

*The safety factors of 0.944 and 1.11 were calculated using the phreatic surface (depression curve) determined

from field observations reported by KazHydro LLP [32].
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Analysis of the calculation results showed that
the stability of the dams of the Kapchagay HPP
depends significantly on both the reservoir water
level and the intensity of seismic loading. Under the
design earthquake scenario with an intensity of 8
points on the MSK-64 scale (PGA = 205 cm/s?), both
the riverbed and saddle dams satisfy the stability

requirements established for Class Il hydraulic
structures.
The most favorable operating condition

corresponds to a normal retaining water level
(NRWL) of 479.0 m. Under this condition, the
calculated calculated safety factors varied from 1.14
to 1.50 for upstream slopes and from 1.25 to 1.47 for
downstream slopes, exceeding the minimum
allowable regulatory value of 1.14. These results
indicate that both dams maintain the required
margin of stability under the design seismic loading
conditions.

For the 9-point earthquake scenario, the
calculated safety factors decrease significantly. In
several cases, the stability factors of the upstream
slopes fall below the regulatory threshold, indicating
the potential for substantial deformations and loss of
stability in individual sections of the structures. The
riverbed dam was found to be the most sensitive to
increased seismic loading, consistent with its lower
natural frequencies and greater dynamic flexibility
relative to the saddle dam.

Based on the analysis results, a reservoir water
level of 479.0 m was recommended as the optimal
operating level from a seismic safety standpoint. This
level provides a rational balance between
operational requirements and the stability margin
required to ensure the safe performance of the
structures during strong earthquakes.

4.5. Identification of High-Seepage Zones within the
Dam Body Using Vertical Electrical Sounding and
Underwater Inspection

Visual inspection of the exposed portions of the
riverbed and saddle dams revealed no signs of
deformation, damage, or other defects that could
explain the observed decline in the reservoir water
level. Therefore, geophysical investigations using the
vertical electrical sounding (VES) method were
conducted to identify possible seepage pathways
within the submerged sections of the structures. The
survey was carried out along a section of the saddle
dam located between the abutment against the rock
outcrop and the service spillway. Observation points
were positioned along the dam crest at 5 m intervals

(Fig.7).
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Fig. 7. Layout of the Vertical Electrical Sounding (VES)
Survey Area

The primary objective was to identify zones of
reduced electrical resistivity, which could indicate
increased soil saturation and seepage.

Measurements were carried out using a four-
electrode Schlumberger array (Figure 8). By
progressively increasing the spacing between the
current electrodes, the depth of investigation was
increased, allowing information to be obtained on
the condition of the soil mass at different depths.
The maximum investigation depth  was
approximately 25 m.

Potential difference

(Aav)

Sm Sm ! 5m

AB = 15m

Fig. 8. Schlumberger electrode configuration used
for vertical electrical sounding (VES).

A, B — current electrodes used for injecting
electrical current into the ground;

M, N — potential electrodes used for measuring
the electrical potential difference;

| — electric current supplied through the current
electrodes A and B;

V (AU) — measured potential difference between
the potential electrodes M and N;

AB — distance between the current electrodes;

MN — distance between the potential electrodes.

The VES results showed that throughout most of
the dam body, the apparent electrical resistivity
ranged from 1600 to 2100 Q-m, which is typical of
relatively dry, well-compacted soils. However, a
pronounced anomaly was identified in the zone
where the saddle dam adjoins the rock outcrop,
where resistivity values decreased to 15-40 Q-m.
Such a significant reduction in electrical resistivity
indicates a highly water-saturated zone and suggests
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a seepage pathway along the contact between the
dam fill material and the bedrock foundation. In
addition, an area with intermediate resistivity values
of 280-400 Q'm was detected near the service
spillway. These data indicate localized soil
moistening without the development of an intensive
seepage flow, which may be associated with the
partial spread of moisture from the main seepage
zone.

To verify the geophysical investigation results
and determine the exact location of the leakage, an
underwater inspection of the upstream face of the
hydropower complex was conducted. The survey
was carried out by a specialized diving contractor
using pontoon-based equipment. Attention was
given to areas where the VES survey had indicated
signs of increased seepage, as well as to the contact
zones between the hydraulic structures and the
bedrock foundation. During the inspection, the
submerged sections of the intake structure, the
service spillway, and the areas where the structures
adjoin the adjacent rock masses were examined.

In the area of the right-bank junction of the
intake structure, at a depth of approximately 14 m
below the upstream water level, a zone of intensive
seepage was identified. A partially open crack was
detected at this location, measuring approximately
1.5 min height, up to 0.15 m in width, and about 0.8
m in depth. The inspection revealed that the seepage
flow was occurring not only through the crack itself
but also along the contact between the structure and
the bedrock foundation. The results of the
underwater  survey provided independent
confirmation of the seepage anomaly identified by
the VES investigation. The agreement between these
two independent investigation methods made it
possible to accurately localize the leakage zone and
determine the mechanism responsible for the
development of the seepage process. The results
provided the basis for developing a set of
engineering measures to eliminate the identified
defect and improve the reliability of the pressure-
retaining structures of the Kapchagay HPP.

The combined application of the VES method and
underwater inspection proved highly effective for
diagnosing hidden defects in hydraulic structures.
The geophysical investigations enabled rapid
localization of a potentially hazardous zone without
disrupting facility operations, while the underwater
inspection provided direct confirmation of the

nature and geometric characteristics of the
identified defect. The wuse of these two
complementary methods significantly increased

diagnostic reliability and reduced uncertainty in
selecting subsequent engineering measures.
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4.6. Engineering Measures for Seepage Mitigation

Following the identification of the intensive
seepage zone, a series of engineering measures was
developed and implemented to eliminate the
detected defect and improve the reliability of the
pressure-retaining structures of the Kapchagay HPP.
The work was carried out by the specialized company
JSC  “Hydrospetsstroy,” which has extensive
experience in repairing and reinforcing hydraulic
structures. Grout injection into the soil mass was
selected as the primary method for mitigating
seepage because it effectively seals seepage
pathways without interrupting facility operations.

The work was carried out by injecting a cement—
sand grout through a system of specially drilled
boreholes located within the identified leakage zone.
As the voids and weakened soil sections were filled,
a seepage-control barrier formed, preventing further
water movement along the embankment-bedrock
interface. The grouting operations were performed
in stages under controlled pressure. Technological
pauses of 4 to 24 hours were maintained between
individual injection cycles to allow adequate grout
setting and improve the effectiveness of subsequent
injections. During each cycle, approximately 2.5-5.0
m? of grout was injected into the soil mass.

The layout of the repair areas is shown in Fig. 9.
A mixture of M300 hydraulic Portland cement and
coarse-grained sand was used as the grouting
material, with a cement-to-sand ratio ranging from
1:1to 1:3 depending on the conditions of the treated
section. In total, 215 m? of cement—sand grout and
65 m3 of crushed stone were used for the
preparation and compaction of working areas during
the repair works.

4
[

Fig.9. Layout of the repair work areas at the
Kapchagay Hydroelectric Power Station: 1, 2, 3, 4 —
water intake structures; 5, 6 — operational spillways;
7 — saddle dam; 8 — filling grouting of the rock
outcrop lining; 9 — reinforcement grouting of the
right-bank junction of the hydropower station water
intake structure; 10 — filling grouting of the gate-
storage platform area of the hydropower station
water intake structure.
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Approximately 95% of the materials were
allocated to reinforcing the most critical section at
the contact between the earthfill dam and the
bedrock foundation, where underwater inspection
had confirmed intense seepage. The remaining

materials were wused to provide additional
reinforcement to selected elements of the service
spillway.

The implemented measures successfully

eliminated the identified seepage pathway and
restored the reliability of the most vulnerable
component of the hydraulic structure. This was
particularly important for ensuring seismic safety, as
prolonged seepage can lead to soil loosening,
degradation of strength properties, and an increased
likelihood of deformation  during strong
earthquakes. The subsequent operation of the
Kapchagay HPP has confirmed the effectiveness of
the repair work. Following the completion of the
rehabilitation measures, no signs of abnormal water
losses were observed, and the hydropower complex
has operated for many years without incidents
related to seepage processes. Recent studies on the
operational performance of the Kapchagay HPP also
confirm that the main structures of the hydropower
complex continue to meet the required reliability
standards [33].

4.7. Comparison of Results with Previous Studies

The results obtained are in good agreement with
findings from previous studies on the seismic safety
of earthfill dams, seepage processes, and methods
for improving the reliability of hydraulic structures.
Earlier research has shown that zones of increased
water saturation and seepage reduce soil strength
and increase the likelihood of deformation during
strong earthquakes (Han et al. [7]). A similar
situation was identified at the Kapchagay HPP,
where a seepage zone was detected at the contact
between the earthfill dam and the bedrock
foundation.

Post-earthquake investigations of dams following
the 2010 Maule earthquake in Chile demonstrated
that properly designed earthfill and rockfill dams can
maintain their functionality even under intense
seismic loading (Verdugo et al. [8]). The analyses
performed in this study showed that the riverbed
and saddle dams of the Kapchagay HPP also possess
an adequate margin of stability under the design
earthquake with an intensity of 8 points on the MSK-
64 scale.

According to Tran et al. [9], one of the main
causes of damage to earthfill dams is the long-term
development of uncontrolled seepage. In the
present case, the combined application of the VES
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method and underwater inspection enabled
localization of a hidden seepage pathway that had
not been detected during the visual inspection of the
structures.

The effectiveness of soil grouting in reducing
seepage and improving the reliability of hydraulic
structures has been confirmed by several studies,
including Do et al. [10]. A similar outcome was
achieved at the Kapchagay HPP, where the
implemented grouting works successfully eliminated
the identified seepage pathway and restored the
reliability of the most vulnerable section of the
pressure-retaining structures.

Thus, the results of this study are consistent with
the international experience of operating earthfill
dams in seismically active regions. The distinctive
feature of the present work is the integrated
application of seismic hazard assessment, design
ground-motion modeling, risk analysis, geophysical
diagnostics, underwater inspection, and engineering
reinforcement measures within a single framework
to solve a specific practical problem.

4.8. Limitations and Uncertainties

As with any engineering investigation, the results
presented in this study are subject to several sources
of uncertainty.

The seismic hazard assessment and the
generated synthetic accelerograms are based on the
adopted parameters of potential seismic sources.
Therefore, the calculated seismic impacts should be
regarded as plausible design scenarios rather than
exact predictions of future earthquakes. The actual
characteristics of a seismic event, including its
magnitude, focal depth, and peak ground
acceleration, may differ from the assumed scenario
parameters.

The interpretation of the vertical electrical
sounding (VES) data is inherently non-unique, as
variations in electrical resistivity may be influenced
by multiple factors, including lithological differences,
moisture conditions, and geological heterogeneity.
The precise location of the seepage pathway was
subsequently confirmed through underwater
inspections. It should be noted that the underwater
surveys focused not only on the areas identified as
most critical in terms of seepage losses. A diving
survey was conducted at two dams — riverbed and
saddle dams. However, the existence of smaller
seepage paths that were not detected during the
survey cannot be completely ruled out.

The effectiveness of the remediation measures
was evaluated primarily through operational
observations, including the absence of recurring
abnormal water losses and the stable performance
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of the hydraulic structures during subsequent
operation. Although systematic quantitative post-
remediation monitoring data were not available, the
consistency of the results obtained from seismic
analyses, geophysical investigations, underwater
inspections, and engineering observations indicates
that the identified seepage mechanism and the
implemented mitigation measures adequately
reflect the actual condition of the Kapchagay
Hydropower Plant.

5. CONCLUSIONS

The investigations conducted demonstrated that
ensuring the safety of hydraulic structures in
seismically active regions requires an integrated
approach that combines seismic hazard assessment,
risk analysis, engineering calculations, geophysical
surveys, and field inspections.

It was established that the Zailiysky seismic
source zone poses the greatest potential hazard to
the Kapchagay HPP. The calculated peak ground
acceleration for this scenario was 205 cm/s?,
corresponding to a seismic intensity of 8 points on
the MSK-64 scale. Based on the parameters of the
identified potential earthquake sources, an
ensemble of synthetic accelerograms was generated
and subsequently used to assess the seismic stability
of the hydropower complex structures.

The stability analyses showed that, at a normal
retaining water level of 479 m, both the riverbed and
saddle dams maintain the required margin of
stability under the design seismic loading conditions.
The calculated safety factors satisfy the regulatory
requirements established for Class Il hydraulic
structures. However, under more intense seismic
loading scenarios, a reduction in the stability of
certain structural elements is observed, highlighting
the need for careful control of the reservoir
operating regime.

Geophysical investigations using the vertical
electrical sounding (VES) method identified a
localized zone of low electrical resistivity at the
contact between the earthfill dam and the bedrock
foundation. Subsequent underwater inspection
confirmed the presence of a seepage pathway and
enabled precise localization of the defective section
through which water was leaking.

To eliminate the identified defect, soil grouting
works were carried out. The implemented
engineering measures effectively reduced seepage
and eliminated the abnormal water losses from the
reservoir observed prior to the grouting work.

The results confirm the effectiveness of the
integrated application of seismic hazard assessment,
design ground-motion modeling, risk analysis,
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geophysical diagnostics, and structural
reinforcement methods. The proposed approach can
be applied to the inspection and safety
enhancement of earthfill dams and other hydraulic
structures operating in seismically active regions.
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