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ABSTRACT

The research focuses on developing a methodology for calculating the stability of
dams under seismic impacts initiated in faults located near newly designed energy
facilities. The authors utilize the licensed software package Geo-Studio 2024.2.1 for
these calculations, which allows for assessing the filtration and stability of dams before
and after earthquakes using Initial Static, Linear Dynamic, and Nonlinear Dynamic
analyses. For seismic records, the displacements, velocities, and accelerations were
analyzed by the licensed software “Calculation of synthesized seismic impacts from
earthquakes of different types and faults with various directions of movement along
faults within 10 km from the fault zone (BAS-KDB-1). This software is registered in the
State Register of Software Products of the Republic of Uzbekistan on August 6, 2024.

1. INTRODUCTION

Classical methods of fracture mechanics, combined with a new technique for
calculating J-integrals, are employed to identify the most critical areas within the fault
system surrounding the designed Pskem dam (see Fig. 1). The expected magnitude
and other geometric parameters of potential earthquakes within a 10 km radius of the
dam site are assessed.

Currently, the study of the processes of formation and interaction of active
tectonic fault systems near hydraulic structures under construction is of great
importance in connection with the solution of a number of practical geotechnical
problems related to the economic issues of the construction of high dams in the
seismically active regions of Uzbekistan. It is well known that the preparation of a
tectonic earthquake source occurs by forming a rupture zone in the focal area, the
formation of which is the unification and merging of small fractures into one or several
slightly larger ones. Evaluation of the stress state in the vicinity of the ends of large
tectonic faults can provide useful information about the probable locations of
earthquake focal zones near dams. Analysis of the influence of seismic loads from
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earthquakes occurring in the immediate vicinity of dams (at distances of less than 10
km) makes it possible to significantly improve existing methods for assessing the
stability of dams with a height of more than 100 meters. The establishment of
quantitative relationships between the main parameters of faults and the determination
of seismic loads resulting from the growth of faults makes it possible to more accurately
assess the stability of dams and ensure the safety of the population from possible
destruction of dams in the event of earthquakes.
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Fig.1. Map of faults around Pskem dam. Scale - 1:350,000

2. CONSTRUCTION OF A MATHEMATICAL MODEL FOR DETERMINING THE
STRESS FIELDS CREATED BY FAULTS SYSTEM.

Let there be n arbitrarily oriented dislocation discontinuities with displacement
jumps b(b1, bz, bs)=const, (j=1....n) in a homogeneous isotropic elastic medium. We

denote the angles between the discontinuity lines and the Ox axis by a' (Fig. 2). We
denote the coordinates of the initial and final points of the discontinuity ends in the Oxy
coordinate system by (x4, y1/) and (x2, y2). The lengths of the discontinuities are lj. We
determine the stresses created by these discontinuities and formulate the criteria
determining the conditions and directions of further fault growth.

Previously, the problem (Bykovtsev 1983, 1995) was considered when the
discontinuities are on one line coinciding with the coordinate axis Ox. Some results for
interaction of arbitrary oriented faults systems were presented in Bykovtsev (1998).
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In this case, one can use these solutions, moving from the given coordinate
system Oxy to the coordinate systems & {, such that the j-th discontinuity in the
corresponding coordinate system will be located on the axis & . This can be done, for

example, as follows:
El=(x-x1)cosa; + (y - y+)sina; (1)
g =-(x - xi1)sinoi + (y - yd)cosq;

With such a change of variables, the coordinates of the end points of the j-th
discontinuity in the coordinate system & will be 0 and lj. The stress field it creates in
this coordinate system will be determined by the relations (Bykovisev 1983 and

Bykovtsev 1995, 1998):
1. For a symmetric problem (Mode I):

4GU: =(k-1)Rew2 -2ImW2 ;  4GU= (k+1)Imw2 -2CReW2;  (2)
c:c=ReWs - {ImW'2;  6:=ReW2 + {ImW'2; o = -CImW'>
2. For the obliquely symmetric problem (Mode Il):
4GUe= (k+1) Imo1 +2CReWs; 4 GU= (1- x)Rew-28ImW+ (3)
cze =2ImW; +( ReW'|; 6EE =-CReW/'; e =ReW,-{ImW'y.
3. For the antiplane problem (Mode Ill):
U=Imws3; o =G ImWs; oz = G ReWs (4)
where ®'j(z) = Wj(z),(=1..3);x = 3-4v for plane strain;
k= (3-4v)/(1+v) for the generalized plane-strain state;
G - is the shear modulus; v - is Poisson's ratio, z=¢& +iC .
Here, for simplicity of notation, the index j is omitted near the variables &, {, z.
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The solution to this problem is as follows:
oi= Al In(z-1i/z) (5)
where A= 2Gbl/ n(k+1);  (i=1,2); Alz =bl3 /27,

By substituting (5) into (2)-(4), both displacements and stresses at an arbitrary
point of the medium can be determined. Thus, the stresses can be represented in the
following form o = o(&-,C) - o(&,0)

In particular, near the ends of the rupture, the components of the stress tensor
o( €, ) have the following form Bykovtsev (1998):

o = r'[-Aly (2+cos2¢) sing +Alz cos ¢ cos2¢];

oz = r'[ Ay sinpcos2¢ + Al; (2-cos2¢) coso | ; (6)
cxc = r'[Alicose + Al sing ]cos2¢;
oz = - Al3 sing; Gz = ' Al3cose;

Where  r?= (£2 + (2); ¢ = arctg (£/¢).

Similarly, the stresses produced by each of the remaining discontinuities are
determined in their respective coordinate systems.

In order to obtain general fields of displacements and stresses for system
consisted on N-ruptures arbitrary oriented it is better to choose some coordinate system
(for example Oxy) with origine located in location of Pskem Dam. Then it is necessary
to pass to one coordinate system, for example, xy, and to rewrite the components of the
obtained stresses in this coordinate system. Thus, the components of the stress tensor
in the Oxy coordinate system will have the following form (Muskhelishvili N.I. 1975):

Oxx = Gz COS%aj +6:Sin%a - 6e SiN20y

Gyy = GzSinoLj +6::C0S%0 +Gz¢ SiN20L | (7)
26xy = (oee-o¢r)Sin2aj+ 26 COS20,

Oxz = G:2C0S0,- Gz SINQY; Oyz=0:zCOSQj + G&-SINQ,

The components of the total stress field will be the component-by-component
sum of the stresses thus obtained, generated by each of the rupture and determine by
given ratios.

In order to predict the possible sequence of earthquakes in active tectonic fault
zones surrounding the Pskem dam, it is necessary to formulate criteria for the
beginning of growth of rupture ends and to determine the directions of their possible
movement.

3. THE FORMULATION OF THE DISLOCATION RUPTURE MOTION LAWS.

Let us determine the conditions under which the motion (growth) of one of the
discontinuities begins. For this purpose, let us use the apparatus of invariant J-integrals
developed in Cherepanov (1979), for continuous media with any rheological and
electromagnetic properties.

Let consider a rectangular dislocation rupture. The end of a dislocation rupture is
a singular point where certain characteristic physical quantities go into infinity.
Conversion to the infinity has no physical sense and shows that the mathematical
theory describing the dislocation rupture behavior is inaccurate. All errors and theory



The 2025 World Congress on
Advances in Structural Engineering and Mechanics (ASEM25)
BEXCO, Busan, Korea, August 11-14, 2025

deviations from reality are concentrated in singular points. The magnitude of J-integrals
does not depend on the choice of closed surface bounding the dislocation rupture end;
therefore, the J-integrals present powerful tools for constructing the theory of
dislocation rupture motion.

Suppose at t > to the end of a dislocation rupture starts propagating at the
velocity V(t). Select a moving coordinate system X1 X2' X3' with the center in the rupture
end. In the moving coordinates all the J-integrals shall preserve their form, provided we

’ . N
substitute % > Xi L B

Let in a space (A, A,, A;) the surface S(Ax, Ay, Az) = 0 exist that separates all the
space into two regions: internal and external. Then, if a point (Ax, Ay, Az) is in the
internal region, the dislocation rupture end in the physical space shall be stationary; as
soon as the point (Ax, Ay, Az) comes out over the surface S, the dislocation rupture end
starts moving in the physical space: the external region is considered unachievable. In
this case the velocity of rupture end motion is determined from the maximum velocity
principle, its dissipation of energy leading to the following equation:

1 oS
v =4 —F
o OA (8)
where Ao — some unknown function
Eq. (8) determines the direction of the dislocations rupture end movement.

3.1. Rectilinear rupture propagation law.

In case with Jy, = Jz = 0 we obtain the following low of rectilinear rupture
propagation:

The rupture end shall not move (or be at rest) when Jx < Jxc, (9)
and when Jx = Jxc the rupture end shall start move.

Here, the quantity Jxc is defined either experimentally or from the structural
physical theory. In this case, the rupture propagates along a straight line, that is a
continuation of propagation, and remains rectilinear in the process of motion, and eqgs
(9) describe the rectilinear rupture propagation law.

3.2. Curvilinear rupture propagation law.
In case with Jz = 0, we obtain the curvilinear dislocation rupture motion law:
When |J(8)| < Jc (B) the rupture end shall not move or be at rest;
and (10)
when [J(B)| = Jc () the rupture end shall move,
where vector J = Jx i + Jy j with unit vectors i and j oriented along axis X and Y,
respectfully. Thus, the angle 6* at which the dislocation rupture motion shall continue is
defined from the equation J(0) = Jc(0) (11)
In particular, for an isotropic body the quantity Jc is independent of the angle 6,
and the polar diagram Jc(0) (see Fig. 3.) is presented as a circumference with the
rupture end originating from its center, so that the dislocation rupture propagation shall
proceed in the direction of the vector J= Jxi + Jy j at the angle
0 = arctg (Jy/ Jx) (12)
relative to the axis x.
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The quantity Jc is considered to be independent of the dislocation rupture end
position in a body or of the rupture propagation velocity. For the general case the
quantity Jc shall be supposed to be determinable experimentally and dependent on:

e the rupture end position in a body,
e rupture plane orientation and
e rupture propagation velocity.

%
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In this case, suppose that an external stress field c%; is applied at infinity. In
addition, each of the discontinuities creates near the ends of other discontinuities
stresses determined by relations (2)-(5), taking into account the substitution of variables
similar to (7).

Let us denote the total stress created near the ends of the j-th rupture by all
other ruptures by c'j. Then we obtain the following expressions for the J-integrals for
each of the ends of dislocation discontinuities:

J: = bli(oe+o: - Alr /) + bla(ce® +oc-Ala/l ) + b3 (6c2° +oc2' -Alsll)):; (13)
Jd =-bli(cel+o:1-Abfl) - bla(ce+oe! - Ali/ 1) - b3 (6:° +02,")

here index | means that the j-th rupture is considered, & is the coordinate system
associated with the j-th rupture (in expression (13) index j at variables & , ¢ is omitted
for simplicity).

According to the general theory of motion of displacement discontinuity surfaces
in a solid, there exists some critical value Jc, which characterizes the beginning of the
discontinuity surface motion.

The rupture motion starts when the value of J - integral reaches some value of Jc.

J=J:cos0 + J¢sino, 0 = arctg(Jd/Je) (14)

The tip of the rupture starts when the value of J-integral becomes equal to some
value of Jc. Then the criteria for the onset of rupture surface motion near tectonic faults
can be represented as follows:

The rupture tip is stationary when |J | < J;
The rupture tip starts moving when |J |= Jg;

Directions of movement of the rupture’s tips will be determined by the ratio:

0 = arctg(Jc/Je ). (15)
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A detailed analysis of the predictive behavior of the rupture system obtained for
different values of rupture orientation, different rupture lengths and different types
(shear, tensile or mixed type of failure) under different values of external stresses has
been presented in Bykovtsev (1998a, 1998b). The presented results can be effectively
used for long term prediction of possible earthquake location around Pskem dam.

4. ANALYS BEHAVIO OF THE NORTH UGAM FAULT

The study of the influence of fault zones on the designed Pskem dam is of great
importance in connection with the solution of a number of particular practical problems
related to the stability of the dam under seismic impacts. It is a matter of fact that the
preparation of the source of a tectonic earthquake occurs through the formation of a
fault zone in the focal area, the formation of which is the unification and merging of
small ruptures into one or several larger ones. Analysis of the stress state near the
ends of sections of large tectonic ruptures can provide useful information on the
probable locations and scenarios of possible seismic events in the vicinity of the Pskem
dam.

Establishing quantitative relationships between the main parameters of faults
and determining the locations of possible movements along active faults will allow us to
estimate possible seismic impacts on the Pskem dam body and take them into account
for the stable functioning of the dam in the event of activation of movements along
faults with the occurrence of earthquakes. As an example, to demonstrate our
methodology, we consider the behavior and interactions of two segments of the North
Ugam fault, located near the designed Pskem dam.

For a correct understanding of all the processes of unification and merging of
fault ruptures, it is necessary first of all to analyze the conditions of interaction of two
separate segments of the North Ugam fault shown in Fig. 1.

Let us consider the conditions of the beginning of movement of two segments of
the North Ugam fault and determine the sequence of the beginning and direction of
movement for each of the ends of these two segments of the rupture, estimate the
ultimate stresses and study the further behavior of the entire system, following
(Bykovtsev 1983, 1995, 1998).

Fig. 4 shows a schematic representation of two segments of the North Ugam

fault located in the external field of tectonic stresses c°j. The geometric parameters for
both segments of the Ugam fault were obtained as a result of measurements on the
map of faults shown in Fig. 1. The length of the first segment is L1=22.8 km, the length
of the second segment is L2=16.1 km, the length of the unbroken bridge between the
two segments is L3=5 km. For simplicity of initial calculations, it was assumed that the
Ox axis of the local coordinate system coincides with the location of the first segment,
and the angle of inclination of the second segment is (-11) degrees with the Ox axis. It
is assumed that the vector of displacement jump B1(B1,B2,B3) is specified on the first
segment of the fault, and the vector of jump B2(B1,B2B3) is specified on the second
segment. The coordinates of the left end of the first fault segment are designated as -
11(-12.8, 0) the coordinates of the right end of the first fault segment are designated as
[2(10.0,) For the second segment, the coordinates of the ends of the fault are
designated as 13(15.0,) and 14(30.8.-3.1) respectively.
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Fig. 4. Schematic representation of two segments of the North Ugam fault located in the
external field of tectonic stresses G9j.

Let assume that an external tectonic stress field with the components °j applied
to a body on the infinity (i.e. far distance from the rupture segments ends). Then, from
egs. (5), (13) we obtain expressions for the [-integrals for each of the dislocation
rupture ends presented in Bykovtsev (1983, 1995, 1998):

Jx ()= bli(oxy+oe'- Al l) + bla(oe® +oc-Abfly ) + s (6c° +oc" -Alsll);  (16)
Jy ()= -b1(ceP+oe-Alafly) - bia(ce+oec! - Al 1) - bl3 (65 +0e")

Let us assume that both segments of the North Ugam fault are subject to an

external field of tectonic stresses with components 6¢°jj acting in the Chatkal-Kurama

region at a sufficiently large distance (more than 50 km) from the fault (i.e. far from the
ends of the rupture segments). Let us consider in more detail the case with a scenario

when b1#0; b2=b3=0, Cfc.xy;'f 0 and O°%y =0%:z = O%x = 0%x=0
i.e. the case when both segments are antisymmetric (shear) ruptures and are

influenced and acted upon only by tangential tectonic stresses G°xy # 0.

Such kind of scenario is often encountered with ruptures of this kind in
theoretical seismology when modeling the processes of preparation of a seismic focal
zone for a future earthquake.

Then from equations (1.6.5), (1.2.14) we obtain expressions for the J-integrals
for each end of the dislocation rupture, given in the works of Bykovtsev (1983a, 1984):

i ()= bl[(ox®+ Al ()] Jy" ()= -bh[(ox® + A2 J(Ii)] (17)
Jx1 ()= b'1[(oxy® + A1 J(I)];
Where

J(-l1) = - 1/L1 + Lo/(L1 + L3)( L1+ L2+ L3);
J(I2) = - 1/L1+ Lo/(L2 + L3)Ls3;
J(I3) = - 1/L2+ L4/(L1 + L3) Ls;
J(la) = - 1/Lo+ L4/(L2 + L3)(L1 + Lo + L3);
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and

L1=I2—(-l1)=22.8 km-the length of Segment 1 North Ugam fault;

L2 = l4+— |3=16.1 km- the length of Segment 2 North Ugam fault;

L3 = I3- [2=5 km - the distance between Segment 1 and Segment 2.
Then for Jx and Jy we have

J(-I1) = -0.03; J(I2) = 0.109; J(Is) = 0.102; J(l4)= -0.037 (1/km)

And

Jx ('|1)= b11[((5xyo— 0.03 A11 )]’ Jy ('|1)= 'b11[(C7xxo + 003A12]

Jx (I2)= b'4[(cx° + 0.109 A"1)];  Jy(l2)= -bY1[(cxC + 0.109A"]

Jx (13)= b4 [(ox° + 0.102 A%, Jy (I3)= -b?1[(5x + 0.102A2] (18)

Jx (la)= b?1[(cx°- 0.037 A%1)];  Jy (la)= -b?1[(cxx® - 0.037A%]

where A= 2Gb¥/ n(k+1);  (i=1,2);

Al1=b"42G/n(x+1); A% =b2%2G/n(k+1);

G - is the shear modulus; v - is Poisson's ratio; K = 3-4v for plane strain;

k= (3-4v)/(1+v) for the generalized plane-strain state;

G=E/2(1+v) and E is Young’'s Modulus.

Estimates (18) show that in the absence of external tectonic stresses oxy° = 0,
the criterion for the onset of rupture propagation will depend on the geometric
parameters of the ruptures themselves

Je = bi1Al1 J(I) (19)

First of all, the criterion of the onset of ruptures will be met for the right end of the
first segment of the North-Ugam fault with abscissa l2. Then the criterion of the onset of
ruptures will be met for the left end of the second segment with abscissa Is. Thus, first
of all, the merging of the internal ends of both segments will occur, i.e., the destruction
of the bridge between the two segments will occur. After right end of the first segment
of the North-Ugam fault with abscissa |2 moves towards the left end of the second
segment with abscissa I3, the left end of the first segment with abscissa -l1 will be able
to move. Last of all, the right end of the second segment with abscissa I+ will start
moving for the right end of the second segment of the North-Ugam fault. Thus, we get
that the end of the fault with abscissa |2 is most prone to movement (even in the
absence of external stresses).

If criterion (19) is not satisfied at oxy° = 0, then no movements will occur at the
ends of the segments, and therefore no seismic loads on the PSKEM Dam will occur
either due to the absence of any earthquakes. In this case, an increase in external
tectonic stresses to a certain critical value is possible without any movements along the
North Ugam fault. Then the value of the critical tectonic stresses oxy° °tic@ when motion
of the most susceptible rupture end with the abscissa - becomes possible, will be
defined from the relationship

nyo critical — [JC' b1 Al J(|2)]/bj1 (20)

If you choose for granite v =0.17;

Young’s Modulus E = 50 GPa = 509858.11 kg/cm? = 5098581065 kg/m?;
p=2600 kg/m?3 = 2.6 t/m3 = 0.0026 kg/cm?3

o~ P~
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1 kilograms/cubic meter = 1e-6 kilograms/cubic centimeter

1 GPa= 10000 bars. G=E/2(1+v) =50/2.34=21.37 GPa;

K= (3-4Vv)/(1+Vv)=(3-0.68)/1.17=2.32/1.17= 1.98; n(x+1) =9.36
then from (18) we get

Jx ('|1)= b11[((5xyo— 0.03 A11 )] = [(nyo —68647bar)],

Jy (-11)= -b'1[(cxC° + 0.03A';] = 0 (21)
Jx (12)= b'1[(cxy° + 0.109 A'4)] = [(oxy° + 249060 bar)];

Jy (12)= -b"1[(6x° + 0.109A2] = 0

Jx (13)= b21[(Gx° + 0.102 A24)] = [(0x° + 222065 bar)];

Jy (13)= -b?1[(cx° + 0.102A%] = 0

Jx (14)= b21[(6x,° - 0.037 A2 )] = [(0xy°—84543 bar)];

Jy (14)= -b*[(cx° - 0.037A%] =0

Finally, we have that until the external tectonic stress reaches the value of 68647
bar, the left end L1 of the first segment will be motionless, which means that no
earthquakes will occur in the vicinity of this end. Similarly, we have that for the right end
L4 of the second segment, no earthquakes will occur in the vicinity of the end L4 until
the external tectonic stress reaches the value of 84543 bar.

The most dangerous place is the undamaged space between the end L2 of the
first segment and the end L3 of the second segment. The right end L2 of the first
segment is most prone to the onset of movement and the occurrence of earthquakes,
and then the end L3 of the second segment will begin to move towards the end L2. This
sequence of occurrence of movements in the undamaged space between the segments
will lead to the complete destruction of this space and will cause the occurrence of a
merger of two segments of the North Ugam fault into one larger fault, with the
generation of an earthquake, which in turn will create seismic loads on the Pskem dam.

5. FORECASTING GROUND MOVEMENTS FROM THE UGAM-MAYDONTOL
FAULT

The following faults are located in the immediate vicinity of the projected Pskem
hydroelectric power station dam at a distance from 1 to 20 km: Karzhantau, Northern-
Ugam, Ugam Maydontol, and Pskem faults (see Fig. 1).

Displacement, velocities, and accelerations calculated for the Pakem Dam site
located at a distance of 1 km from the active Karzhantau fault presented in Bykovtsev
(2025).

Ugam-Maydontol fault: length 102 km, type of fault — reverse fault, 13 segments,
length of 40-km zone — 47,672 m. Dynamic influence zone — 10,000 m, maximum
seismic intensity — 6.5 points, data on events with M=5 are absent. Minimum distance
from Ugam-Maydontol fault to Pskem dam site — 4 km.

Below is a basic calculation model of seismic impacts using a deterministic
approach built on the “Technology for obtaining synthesized seismic impacts from
earthquakes of different types for cost-effective design and ensuring the safety of dams
and especially critical structures under large seismic impacts from faults with different
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directions of movement along faults within 5 km from the fault zone” presented in
Bykovtsev (2023, 2024).

The calculation cube Fig. 5. is presented with dimensions of 20 km x 20 km x 20
km. The fault passes through the cube and for an earthquake with a magnitude of M =
6.5, the following fault parameters were adopted: L = 37 km; W = 15 km.

Four main mechanisms of displacements along the fault were considered to
demonstrate the technology. STRIKE-SLIP with displacement on the fault D (49cm; O;
0); Reverse movement or OBLIQUE-SLIP with D(45cm;0;20cm) and D(20cm;0;45cm);
and DIP-SLIP with D(0; 0; 49cm)

GROUND MOTION PREDICTION ON ACTIVE FAULT WITH DIFFERENT SLIPE ORIENTATION
MAIN BLOCK WITH STATIONS LOCATIONS AND NORTH-EAST FAULT ORIENTATION

NORTH
M=6.5; 01/5“{ Cosa Casa Casq Css
Ci4 Cosn”  Caay Caan=Cony

Fig. 5. The calculation cube is
presented with dimensions of 20
km x 20 km x 20 km.

P-wave velocities Vp=6 km/sec,
S-wave velocities Vs=4 km/sec,
the fault ripping velocity was
adopted equal to Vrup= 3.4 km/sec.
The stations where synthetic
records of displacements,
velocities and accelerations C11,
C12,..C55 were counted were

D~49cm:;
Vp~6km/sec;
Vs~4km/sec;
Vrup.~3.4km/sec

| SENSE OF FAULT,
MOVEMENT
1. STRIKE-SLIPE
= D(490m:,O:O)
2. OBLIQUE-SLIPE
D(45’cm;O;20cm)
3. OBLIQUE-SLIPE

H L~37km;

o Rl . D(20¢m.0:45cm) located at a distance of 5 km from
H N 4. DIP-SLIPE
H e D(0: 0: 49cm) each other.

The main parameters of the analysis of the dynamics of changes in the state of the
Pskem dam section located near the Ugam-Maidantol fault with a minimum distance
from the section to the fault of r~4.0 km are presented in Table 1 and Fig. 6.

Table 1.
FAULT Maximum PGA Period for Max Tmax for PGA Station and Min
MOVEMENT in 3 Components | Impulses (sec) (sec) Distance and
(cm/sec?) Coordinates
N-S |[EEW| Z |[N-S|E-W N-S|E-W | Z
STRIKE-SLIP 4.54 1.6 4.01 | C43 - 4.0 km
D (49cm; 0; 0) -346.1 | 669.5 06| 06 422 | 422 (15; 10; 01)
-7.81 1.0 4.83
OBLIQUE-SLIP 4.19 1.4 4.01 | C43 - 4.0 km
D(45cm;0;20cm) | -319.7 [ 616.4 | -713| 06| 06| 10| 422| 422| 463 | (15;10;01)
3.62 1.0 5.44
DIP-SLIP -3.0 1.3 4.01 C43 -4.0 km
D(0; 0; 49cm) -453 | 877| 69| 18| 08| 06|422| 463| 4.63|(15;10;01)
797 | -535| 92| 1.2 14| 13]503| 523| 5.23
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Minumum Pskem Dam Site - Ugam-Maidantol Fault Distance R ~4.0 km STATION C43 &

STRIKE-SLIPE D(49cm;0;0) Total Maximum PGA - 0.77g Period for Max Impulses ~0.6 sec

N-S (cm/sec2) E-W (cm/sec2) 2
o0 3 RN 690.0 - Z (cmisec#)
4.0 4
-50.0 - 590.0 25 4 PGA ~ 0.004g
-100.0 - 490.0 - (\
R PGA ~ 0.67g 0.0 4
-150.0- ronF-0w 390.0 -
-200.0 290.0 - &0
J PGA ~ 0.008
-250.0 - 190.0 “*0 .
-300.0 90.0 J -6.0
T (sec) A T (sec) T (sec)
-350.0 v T v T -10.0 T T T T -8.0 T T T T
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

OBLIQUE-SLIPE D(45cm; 0; 20cm) Total Maximum PGA - 0.71g Period for Max Impulses ~0.6 sec

N-S (cm/sec2) E-W (cm/sec2) Z (cmisec?)
ok , 620.0 4
'30.0 - 2.5 a
e 4600
0.0 -
iy PGA ~ -0.329 300.04 PGA ~0.629
-2.54 PGA ~ -0.007g
-210.0 4
140.0 |
-270.0- 5.0
T (sec _J\ T (sec) T (sec)
-330.0 D ( ) 200 e 7.5 —
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Fig. 6. Accelerations calculated for the Pakem Dam site located at a distance of
4 km from the active Ugam Maydontol fault.

6. STABILITY ANALYSIS OF THE PSKEM DAM FOR HEIGHTS OF 125 METERS
AND 195 METERS.

The results of the stability of the Pskem dam for both heights were determined
by two variants for the physical and mechanical characteristics of soils such as
cohesion C and the angle of internal friction ¢ presented by Moscow specialists on the
one hand and the data presented by the Director of the Geomaterials Laboratory of
JSC Hydroproject.

Calculations and analysis of the stability of the Pskem dam for Variant 1 of the
Pskem dam with a height of 125 meters with cohesion C=4.9 kN/m2 according to the
characteristics of soils presented by Moscow specialists. As can be seen from the
analysis, the safety factor of the stable position of the Pskem dam is equal to Fsar=1.35,
which is less than the value of Fsar=1.5 accepted in international practice. This means
that part of the Pskem dam is in an unstable state even for static loads, without taking
into account seismic impacts on the dam.

For calculations and analysis of the stability of the Pskem dam for Variant 1 of
the Pskem dam with a height of 125 meters with cohesion C=162.1 kN/m2 based on
the soil characteristics presented by the Director of the Geomaterials Laboratory of JSC
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Hydroproject, the safety factor of the stable position of the Pskem dam is Fsa=2.08,
which is significantly greater than the value of Fsar=1.5 accepted in international practice.
This means that in this case, the Pskem dam will be in a stable state that significantly
exceeds the required one for static loads according to international practice. Increasing
the safety factor more than Fsar=1.5 leads to a significant overexpenditure of building
materials, which in turn affects the rise in the cost of the entire construction of the
Pskem dam.

Therefore, from an economic point of view, it is necessary to look for an optimal
design of the dam with a safety factor close to the value established by the international
standard Fsar=1.5.

7. EVALUATION OF THE DYNAMICS OF EARTH DAMS TAKING INTO ACCOUNT
ELASTIC-PLASTIC DEFORMATION OF THE SOIL

The following assessment of the dynamic behavior of the Pskem Dam was made
on the basis of D'Alembert's principle and variational equations. Mathematical models,
calculation methods, algorithms, and computer programs were developed.

The newly designed Pskem dam is considered as an example, its calculation
scheme is presented in Fig. 7. One of the design options we are considering for the
Pslem dam has a height of 195 meters, a crest width of 12 meters, a crest length of
1,600 meters, an upstream slope of 1:2.4, a downstream slope of 1:2, and a core base
width of 130 meters. The design full volume of water in the Pskem Reservoir is 520.8
million m3, and the useful volume is 486.5 million m3. The dam is considered a
heterogeneous solid body in equilibrium; the structure occupies volume
S=S1+S2+S3+S4+Ss5, bounded by surface 1. It is assumed that surface forces are

specified on part of surface 21, and hydrostatic pressure ﬁ of the reservoir water acts
on part of surface > p. The upper part 22 and the side walls of the structure 23 are
stress-free, and the lower part 2o is rigidly fixed.

Considering the elastic-plastic properties of soil during the design phase is a
crucial step in the developed methodology. By utilizing the synthesized values of
displacements and stresses expected during an earthquake as dynamic boundary
conditions, we can determine the strength at each point of the earth structure's
foundation and various points along the dam. The most critical areas for analysis are
those located on the dam’s crest. The primary objective is to ascertain the maximum
possible displacements of these points under seismic impacts. This will help identify the
most economically effective and stable dam height, considering different dam heights,
water levels, and designs of the dam structure.

The relationship between the components of the strain tensor &; and the

displacement vector 1 is described by linear Cauchy relation:
1(0u; |, Ouj
& = E(a—z] + a—?) (22)
To describe the elastic-plastic state, formula (25) is used, which expresses the
generalized Hooke's law. Elastic characteristics E,,, v, u,, are replaced with variable
parameters E;,, v, un,, defined in the following form (Birger 1951, Birger 1965, Malinin
1975):
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Fig. 7. Calculation scheme of Pskem dam under seismic impacts
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The relationship between the "variable elastic parameters" has the same form as
for the elastic constants E,,, v, i, , i.€.:
En

hn = : (24)

2(1+vp)
where oi is the stress intensity and &i is the strain intensity.
Modified physical and mechanical parameters (23, 24) at each point of the dam
are determined based on the strain state &; (strain intensity) and the corresponding

stress state o] (stress intensity) according to the strain diagram o;" = 0, (¢;), selected
from experimental data for specific soil types.

To describe the dynamic process occurring in the structure, the d'Alembert
principle and Lagrange variational equations are used (Mirsaidov 2010, 2023):

he1 g, 01j0€;dS + Tioy [ pi 6ldv + T, [, f6UdS + J5, p8TdS =0,

n=1,...5 (25)
In addition, the kinematic boundary conditions are:
X € X Up(t) = Py (0) ; (26)
and the initial conditions at t=0 are:
XEV:URX0) =9,X); u®0) =9,®. (27)

where: u - is the displacement vector; 0ij, €;j — are the stress and strain tensors,
respectively; p, — is the material density of the elements of the structure under

consideration; f — are the body forces; p — is the hydrostatic pressure on surface DI
y1 is the given function of time, w2, w3 — are the functions of coordinates.
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The equations of state of the soil medium using the hypothesis of the energy of
deformation are described by the following equations (Mirsaidov 2019, Mirsaidov 2020):

(0] —
1. Elastic stage (loading and unloading) ; @ = ©7:0; = £& (28)

Here, the process of soil deformation obeys the generalized Hooke's law. The
stress and strain intensities are determined from the following formulas:

1
—_— _ 2 2 2 7 .
0i =3 \/(011 022)* + 011 + 05, + 607, ;

V2
& = ?\/(511 —£5)% + &y + €5, + 1.5¢f,

2. Plastic stage (loading)

d .
o; > of; d—st‘ > 0,0; = E 6 — Bl + o7 (29)
de; I ’
3. Elastic stage, occurring ford—st‘ <00 < GTO; o; = Eg; — Eep + oy (30)
d .
4. Plastic stage (loading) g; > or; d—st‘ >0,0 =E, & — Eme%) + 019 (31)

where: E, Epl - are the elastic moduli or tangent of the angle between the elastic and

plastic components according to the stress-strain diagram; e%, 019 - are the initial values
in the elastic limit; o7 - is the stress intensity characteristic or the new value of elastic

modulus; &7 - is the corresponding strain intensity characteristic.

To analyze the dynamics of soil structures based on the variational problem (22)
using the FEM, the problem is reduced to solving a system of second-order nonlinear
differential equations (Mirsaidov 2010, Mirsaidov 2023):

[MI{i} + [CH{u} + [K™ (0, e) [{u} = {P(£)} (32)

with initial conditions

{u(0} = {ue}; {1 (0)} = {1} . (33)
where [M] - is the mass matrix of the system under consideration; [C] - is the matrix of
dissipative forces; [K*(0;, €;)] - is the general stiffness matrix depending on the stress-
strain state; {u} - is the sought-for displacement vector. Formula (24) is used for the
plastic deformation of the stiffness matrix of the structure’s material.

8. ANALYSIS OF OSCILLATIONS OF THE PSKEM EARTH DAM WITH A HEIGHT
OF 195 METERS.

The variable elasticity parameters E*,,G*,,u", are determined from the

deformation diagram (Fig. 8). The system of equations (32) is solved using the
Newmark method.
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oA The accuracy and reliability of the
results obtained using the developed
models, methods, and computer
programs are compared and confirmed
by solving problems with known models
having an exact solution, ensuring the
adequacy of the results.

Fig. 8. Deformation diagram

Transient forced vibrations of the Pskem earth dam were studied, considering
the elastic-plastic properties of the structure’s material. A sinusoidal function was
selected to represent the seismic horizontal kinematic impact.

X € Xy, u(t) =Axsin(wt); 0<t<t*, (34)
where W - is the frequency of external impact; t* - is the impact duration;
A — is the maximum amplitude of displacements, which takes values

A =0,01.....0,015. In solving the problem, the amplitude was taken equal to
A = 0,015 m. The frequency of external impact was 6.3 rad/s.

Figure 9 shows the graphs of changes in stress and strain intensities. According
to external kinematic effects in different coordinates of the structure (in the lower and
upper parts of the prism of the Pskem earth dam (x = 217.3m,y = 32.5m) (Fig. 9), the
upper part close to the slope of the prism (x = —209.2m,y =81.3m,x = —1482my =
69.1m, in the upper part of the dam (x = —26.3 m,y = 154.4 m) and the middle part of
the core (x = —20.3 m,y = 81.3 m), based on the graphs of changes in stress (o;) and
strain intensity (g;), it was stated that in the first and second periods of oscillation, stress
and strain increase, while in the third half-period, the amplitude of stress intensity
decreases to 50%; in subsequent periods the amplitude of stress oscillations remains
less than that in the initial position.

a)oi* 107! MPa b) «i

100
80 f
60 i
40 f

20 4

o T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Fig. 9. Graphs of changes in stress (a) and strain (b) intensities in the lower
part of the Pskem earth dam for x=217.3 m, y=32.5 m:
(—) — elastic strain; (----) — elastic-plastic strain
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Elastic-plastic strain of the earth dam material in the first and second half-periods
leads to strengthening of the soil material, leading to a shear in the oscillation period.

Consideration of the elastic-plastic properties of soil leads to the occurrence of
plastic strains. In this case, the greatest deformation occurs in the lower and middle
parts of the dam. The strain intensity in the middle part increases up to 1.5-2 times
compared to the strain in the structure slope.

Figure 10 shows the isolines of the stress components under sinusoidal external
force at a fixed time (t = 0.7s). From the isolines, it is clear that in the second half-
period, the stress intensity reaches its maximum value. With elastic deformation in the
lower part of the dam, the stress reaches up to 200« 10"*MPa, and close to the slope of
the dam, it is 40-60 « 10~ MPa. Stress o;, reaches the value of 60 * 10! MPa,
0,5, -360*10- MPa, and the shear stress 1,, in the lower part of the prism is up to 85x
10~ MPa. With an account for the elastic-plastic deformation, the stress components
can change. These changes are detected in the upper and slope zones of the dam.

o+ 1071 MPa 022+ 1071 MPa

external load at t = 0.7s, (—) elastic strain; (---) elastic-plastic strain

Records of accelerograms of the Gazli earthquake were used in calculating the
seismic impact. The accelerogram of the Gazli earthquake is considered a high-
frequency one with an intensity of 9 points, an oscillation period of 0.1 seconds, and a
duration of 8.74 seconds.

Figure 11 shows graphs of changes in stress and strain intensities depending on
time t.

)0.*10 1 MPa b) €i
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Fig. 11. Graphs of changes in stress (a) and strain (b) intensities in the
lower part of the Pskem earth reservoir under the Gazli accelerogram at x=-
117.7m, y=32.5m: (—) elastic strain; (----) elastic-plastic strain.

Under the impact of the accellogram, considering the elastic-plastic properties of
soil, the residual deformation in the lower part of the dam increases by 3.5-4 times, and
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in the middle part by 1.5-2.5 times. In the upper and slope zones, the stress does not
exceed the boundary limit and, therefore, elastic and elastic-plastic strains do not
significantly affect the stress and strain intensities at the initial time.

Figure 12 shows the isolines of the stress tensor in the dam body for different
values of duration of dynamic processes under the action of the accellogram (t = 1.80s,
t=3.71s,t = 5.92s).

a) 022« 10~ MPa b) o2+ 1071 MPa

Fig. 12. Isolines of stress components of an earth dam under the action of the
Gazli accelogram at t = 5.92s: (—) elastic strain; (----) elastic-plastic strain

The results obtained show that in the slope zones of high dams, stress o11is
greater under elastic strain than under elastic-plastic strain. This means that in the
middle part of the dam slope, there is an increase in plastic strain, resulting in a sharp
decrease in strength.

Figure 13 shows the isolines of the safety factor (Fsar) obtained by formulas (22)
at t=3.40s, t = 3.42s of the Gazli accelerogram.

a)t=3,40s b) t=3,42s

Fig. 13. Isolines of the distribution of the safety factor (Fsar) of the earth dam
under elastic strain in soil depending on the duration time (t=3.40s (a); t=3.42s

(b))

From the results obtained (Fig. 13), it is seen that in the case of the action of the
Gazli accelogram (duration t=3.40s), the safety factor Fsar under elastic strain, in the
middle part close to the slope of the lower prism, is less than one. This means that the
strength is insufficient (Fig. 13a). At t=3.42s, an unstable zone was found in the middle
part of the upper prism (Fig. 13 b), with a safety factor Fsar <1.

7. CONCLUSION FOR ESTIMATION OF ECONOMICALLY ADVANTAGEOUS AND
STABLE HEIGHT FOR PSKEM DAM

Since the stability analysis of the Pskem dam showed that the height of 195 m
cannot be approved due to the unstable behavior of the dam under static and seismic
loads, we additionally conducted a stability analysis of the Pskem dam with a height of
125 meters.
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The analysis showed that the Pskem dam with a height of 125 meters will be
stable, with a safety factor of more than 2, which indicates that the height of the dam
can be increased to approximately 145 meters with a stability factor close to 1.5.
Construction of a dam with a height of 125 meters is not economically justified, since
the construction will be expensive and with an overexpenditure of material by 30%, and
the capacity of the reservoir will be low, which will naturally affect the amount of energy
produced.

Our recommendations to JSC Hydroproject are as follows:

e to clarify the projected properties of materials inside the dam body with a more
reliable determination of cohesion C and the angle of internal friction ¢;

e to review the designs of the dam body taking into account the filtration of soil
materials and determination of the optimal design of the dam body with a safety
factor close to the value established by the international standard Fsar=1.5.

e to consider several intermediate options for the height of the Pskem dam in the
range from 140 meters to 160 meters.

e The search for the optimal design of the Pskem Dam with a height of 140-160
meters will significantly increase the volume of water in the reservoir, which in
turn will ensure the shortest payback period for the construction of the Pskem
Dam.

To calculate the stress-strain state of earth dams, the licensed software package Geo-
Studio 2024.2.1 was used, which allowed calculating the stress distribution in the dam
body before and after earthquakes using static, linear dynamic, and nonlinear dynamic
analysis.
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