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Abstract

Aims of research. Expert validation of all proposed design solutions, deve-
lopment of necessary design solutions for the heightening of the Limon dam
according to the ICOLD recommendations.

Methods. The detailed static and seismic (dynamic) analyses of stress-
strain state and seepage of concrete face rockfill dam Limon (Peru) were per-
formed using the advanced software FLAC-3D (USA) and PLAXIS 2D (Hol-
land), respectively. The elasto-plastic model with Mohr — Coulomb criterion
with variable shear angles of gravel and pebble zones of dam materials and its
foundation soils was used in the static and seismic (dynamic) analyses of the
dam. The dynamic nonlinear analyses of stress-strain state of two variants of
Limon dam with full reservoir under Maximum Credible Earthquake (MCE)
action of the Mar—Chile Earthquake accelerogram.

Results. On the base of these analyses the recommendations were develo-
ped for the project of the dam heightening from 43 up to 82 m before the initial
filling of the reservoir. Expert validation of all proposed design solutions, neces-
sary design solutions for the heightening of the Limon dam were developed ac-
cording to the ICOLD recommendations.

Introduction

the project includes the TransAndes water-transfer
26 km long tunnel now completed. The 82 m high

In July 2012 the Government of Lambayeque
province (Peru) invited the author of this article as
an international expert and member of ICOLD to
perform the expert validation of design of the
heightening of concrete face gravel dam (CFGD)
Limon from 43 to 82 m. The dam is the main ele-
ment of project “Proyecto Especial Olmos — Tina-
jones (PEOT)”. The hydraulic transfer scheme of
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Limon CFGD is located on the right bank of
Huancabamba river in remote region of Andes wit
very high seismicity. Maximum Credible Earth-
quake (MCE) with the return period T = 5000
years and Amax = 0.57g corresponds to ICOLD rec-
ommendations: Bulletins 148, 122, 154, 155, 167
[1-5] and was much more dangerous than adopted
in 2009 Brazilian design: Amax = 0.39g, T = 1000
years [6].

In the first PEOT project, developed by Hy-
droproject Institute (Moscow) in 1982, the variant
of 82 m high Limon rockfill dam with clay core
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was adopted for the one-stage dam construction.
But later due to the political and financial prob-
lems in Peru the project implementation was de-
layed for 20 years and was resumed as a two-
stage construction by BOT scheme (build, operate
and transfer to owner), proposed by Odebrecht
construction company (Brazil). The company chan-
ged the Soviet design of one-stage 82 m high
Limon traditional rockfill dam with clay core in
favor of the two-stage CFGD (43 and 82 m high).
The Soviet project of shore spillway remained
unchanged.

1. Seepage analysis of
Limon CFGD (H = 82 m)
and its alluvial (40 m deep) foundation

Seepage analysis was made using the software
PLAXIS 2D PlaxFlow (The Netherlands) [7].

In figure 1 is presented the geometry of dam
with zones of materials and its 40 m deep alluvial
strata of foundation in channel section 10-10' and
their permeability coefficients. In figure 2 is presen-
ted the finite element mesh of dam and its foundation
in channel section 10.
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Figure 1. Zoning and permeability of soils of CFGD Limon H = 82 m and its foundation in channel section
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Figure 2. Finite element mesh of CFGD Limon H = 82 m and (40 m deep) foundation in channel section
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Figure 3. Equipotential lines of the total seepage heads in rock foundation below the concrete diaphragm

The results of the equipotential lines of total
seepage heads in the rock foundation below the plas-
tic concrete diaphragm are showed in figure 4, veri-
fying the significant reduction of the total seepage
and pressure heads in the rock foundation by effect
of the plastic concrete diaphragm in foundation.

Table 1 shows the unit seepage flows in the dam
foundation for construction stages of H = 43 m and

H = 82 m in sections 8-8' (in right abutment) and
10-10' (channel section) below the concrete dia-
phragm, in the central dam axis and below the dam
toe. The relationship of unit seepage flows in section
8-8" and 10-10' shows that seepage flow in the foun-
dation of the dam H = 82 m would be more than
twice the seepage flow in the foundation of the dam
H=43m.
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Figure 4. Equipotential lines of seepage pressure heads in rock foundation below the concrete diaphragm
Table 1
Unit seepage flows in the dam foundation for construction stages of H=43 m and H=82 m
Unit seepage flows (m*/s/m)
Dam Section X N X
Below concrete diaphragm In axis of dam cross-section Below toe of downstream slope
I Stage 8-8' 1.373x1073 1.37x1073 0.744x1073
H=43m 10-10' 1.495x1073 1.38x107 0.652x1073
II Stage 8-8' 2.865%1073 2.759x1073 1.904x107
H=82m 10-10' 3.163x1073 2.791x1073 0.536x1073
Relation 8-8' 2.09 2.01 2.56
Ons2/Qnas 10-10" 2.12 2.02 0.82
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2. Seismic (dynamic) analysis of 82 m high
Limon CFGD under MCE action (Amax= 0.57 g)

The main results of dynamic nonlinear analysis
of stress-strain state of Limon CFGD (H = 82 m,
adopted variant 2 with additional downstream rock-
fill zone) with full reservoir under Maximum Credi-
ble Earthquake (MCE) action of the Mar—Chile Earth-
quake accelerogram are given in figures 5—17. The pre-
vious dynamic analysis of variant 1 (without this
downstream rockfill zone) are omitted.

Another MCE of the Lima—Peru Earthquake ac-
celerogram was considered also in the dynamic ana-
lysis, but its action was less dangerous than that of
the Mar—Chile Earthquake accelerogram.

In figure 5 the accelerogram of Mar—Chile Earth-
quake normalized to the maximum acceleration of
Amax = 0.57g is shown. The Mar—Chile Earthquake
with the return period 7' = 5000 years and Amax= 0.57¢g
corresponds to the recommendations of the ICOLD
Bulletins [1-5] and was much more dangerous than
adopted in previous (2009) Brazilian design: Amax =
0.39 g, T= 1000 years [6].

The static and dynamic analyses of stress-strain
state of Limon CFGD (H = 43 and 82 m) were made
by FLAC-3D software (USA) [8], which was esti-
mated in ICOLD Congress (Canada, 2003) [9] as one
of the best software for dynamic analyses of large
rockfill dams including CFRDs. The finite element

model of Limon CFGD (H = 43 and 82 m) with its
foundation is shown in the figure 6.

Figure 5. Accelerogram of Mar—Chile

Figure 6. The finite element model of Limon CFGD

Earthquake normalized to Amax = 0.57 g (H = 43
and 82 m) with its foundation

Parameters of the elasto-plastic model with
Mohr — Coulomb criterion for dam materials and
foundation soils in static analyses of Limon CFGD
(H =43 and 82 m) are given in table 2.

Table 2

Parameters of Mohr—Coulomb model in static analyses of Limon CFGD (H = 43 and 82 m)

Numbers and names of Material Dry density Parameters of deformation Parameters of shear
zones of dam materials or soils and void ratio strength of materials
and foundation soils Yar, t/m3 n E (MPa) Angle of y C (MPa) y(°)

dilatancy (°)
1% stage dam (H =43 m)
1, 3. Foundation Alluvium 2.15 0.2 108 0 0.30 0 42
2. Diaphragm Concrete 2.25 0 320 0 0.40 0.4 30
4. Plint slab Concrete 2.5 0 20000 0 0.17 1.0 60
5. Embankment zone Gravels 22 0.15 168 0 0.30 0 46.5
and pebbles
6. Transition zone Gravels 2.15 0.2 150 10 0.33 0 42
7. Transition zone Sand 2.1 0.25 100 10 0.33 0 40
8. Concrete face Concrete 2.5 0 20000 0 0.17 1.0 60
2" stage dam (H = 82 m)
9. Embankment zone Gravels 2.2 0.15 168 0 0.30 0 46.5
10. Embankment zone Gravels 2.2 0.15 168 0 0.30 0 46.5
11. Transition zone Gravels 2.15 0.2 150 10 0.33 0 42
12. Transition zone Sand 2.1 0.25 100 10 0.33 0 40
13. Concrete face Concrete 2.5 0 20000 0 0.17 1.0 60
14. Downstream zone Pebbles 2.1 0.25 150 0 0.30 0 46.5
with 2 berms
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Figure 7. Scheme of CFGD Limon (H =42 and 82 m)
(adopted variant with d—s zone 14 with 2 berms)
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Figure 8. Scheme of CFGD Limon (H =43 and 82 m)
with variable shear angles of gravel and pebble zones
10-11, 15-17

Table 3

Values of shear angles of gravel and pebble zones
10-11, 15-17 depending on normal stresses

Normal stresses,
On, MPa
Shear angles

y(°) of gravel 46.5 | 46.3 | 42.0 | 41.1 | 40.0
and pebble zones

0.2 0.5 0.8 1.0 | 212

Scheme of zoning of CFGD Limon (H = 82 m)
with variable shear angles of gravel and pebble zones
10-11, 15-17 (figure 8) was used in the pseudo-
static analyses of the downstream slope stability
under action of the acceleration in dam foundation
Anor=2/3 * Amax =2/3+0.57 g=0.38 g.

The distribution of seismic accelerations through
the dam height was received according to Russian
seismic design norms for dams (SNiP 33-01-2003)
using the shear wedge method (figure 9).

Figure 10 shows results of static (the most dange-
rous circular surface 2) and seismic (the most dange-
rous circular surface 1) stability of downstream slope
of Limon CFGD (H = 82 m) taking into account
the variable shear angles of gravel and pebble zones
10-11, 15-17. This figure show that the minimum
factor of the downstream slope stability under action
of seismic loads is more that permissible as per design
norms SNiP 33-01-2003 (Fmin = 1,22 > Fperm = 1,06)
and corresponds to the deep circular sliding surface
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between the dam crest and upper alluvial layers of
dam foundation.

Presa Limon H=82 m.Estabilidad estatica y sismica de los taludes
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Figure 9. Distribution of seismic accelerations through
the dam height (H = 82 m) using shear wedge method

Presa Limon H= 82 m.Resultados de los calculos
estaticas y sismicas por metodo de VNIIG-Terzhagi
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Figure 10. Factors of seismic (Fmin = 1,19 > Fperm = 1,06) and
static stability (Fmin= 1,69 > Fperm = 1,25) of downstream slope

The comparison of results of the seismic stabili-
ty analysis of the downstream slope of Limon CFGD
(H = 82 m) with additional pebble zone 14 with two
berms (figure 7) with results of the same analysis of
the dam but without the additional zone show that
the inclusion of this zone in the downstream slope
provide a significant increase of the minimum factor
of the downstream slope stability from 1.05 up to
1.22. Below in figures 11, 13—15 the main results of
dynamic nonlinear analysis of stress-strain state of
Limon CFGD (H = 43 and 82 m, variant with the
additional downstream pebble zone) with full reser-
voir under action of MCE of the Mar—Chile Earth-
quake accelerogram are presented. The dam zones
with the shear stress state of soils are painted in
orange and zones with the tension stress state of soils
are painted in blue (figure 11).

Parameters of Mohr—Coulomb model used in the
dynamic nonlinear analysis of Limon CFGD (H =43
and 82 m) are given in table 4.
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Figure 11. Zones of Limon CFGD (H = 43 and 82 m) with the shear and tension stress state of soils
under action of SMC of the Mar—Chile Earthquake accelerogram with Amax=0.57 g

Table 4
Parameters of Mohr—Coulomb model in dynamic analyses of Limon CFGD (H =43 and 82 m)
Numbers and names Material Dry density Dynamic Shear modulus Initial Reduction
of zones of dam or soils and void ratio modulus of Gmax (MPa) coefficient of | of parame-
materials Ydr, n elasticity damping &, % ters Gmax
and foundation soils t/m? E%", MPa and &
1*'stage dam (H =43 m)

1, 3. Foundation Alluvium 2.15 0.2 1300 Gax = 35(cm)*> 5 see figure A

2. Diaphragm Concrete 2.25 0 1600 G=E"/[2(1+V)] 3 —

4. Plint slab Concrete 2.5 0 20000 G=E"/[2(1+V)] 2 —

5. Embankment zone angrsevlfﬁes 22 | 0.15 2000 Gunax = 40(6m)* 5 see figure A
6. Transition zone Gravels 2.15 0.2 1000 Gax = 22(om)*> 4 see figure A
7. Transition zone Sand 2.15 0.2 700 Gax = 20(0m)*3 4 see figure A

8. Concrete face Concrete 2.5 0 20000 G=E"/[2(1+V)] 5 —
2" stage dam (H = 82 m)

9. Embankment zone Gravels 2.2 0.15 2000 Gmax = 40(cm)"? 5 see figure A

10. Embankment zone Gravels 2.2 0.15 2000 Gmax = 40(cm)*> 5 see figure A
11. Transition zone Gravels 2.15 0.2 1000 Gmax = 22(0m)"> 4 see figure A
12. Transition zone Sand 2.1 0.25 700 Grmax = 20(0m)"> 4 see figure A
13. Concrete face Concrete 2.5 0 20000 G=EM/[2(1+V)] 5 —

14 %&“gﬁgszone Pebbles | 2.15 | 0.2 1500 G =E™/[2(1+V)] 5 see figure A

Note: (om)—medium stress (effective) in kPa.

‘ ++4140.28
++10.24

++0.20

.| Damping ratio, roclihll_
Damping ratio, transition

. | e
o 08 HHos £
© =

06 012 g

3
04 0.08
0.2} . - L1 Se—1=rrN 0.04

il 0
1x10°5  1x10°4  1x103  1x102 1x10-
Shear strain

0
1x106

Figure 12. Curves of reduction of the shear modulus G/Gmax
and initial coefficient of damping &, % of soils of
the dam and its foundation
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Under action of the Mar—Chile Earthquake the dam
would suffer elasto-plastic deformations with large
plastic displacements in the wide zone of the down-
stream slope (figure 13). The large plastic deforma-
tions modified the dynamic stress-strain state of the dam
and its foundation (figures 13—14). The horizontal and
vertical displacement in the dam after the Mar—Chile
Earthquake in the upper part of the downstream slope
are, respectively, 2.0 and 1.0 m; in the upper berm —
2.2 and 1.1 m; in the lower berm — 2.5 and 1.3 m and
at the toe of the slope — 6.0 m and zero (figure 13).
The intensity of shear deformations (figure 13) is
concentrated in the narrow zone in lower part of dam
downstream slope.
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Figure 13. Horizontal (@) and vertical (b) displacements in Limon dam (82 m) after Mar—Chile Earthquake
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Figure 14. Intensity of the shear deformations in Limon dam (82 m) after the Mar—Chile Earthquake
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Figure 15. The time history of the residual horizontal () and vertical (b) displacements of
the crest of Limon dam (82 m) during the Mar—Chile Earthquake

The time history of the residual horizontal (a)

and vertical (b) displacements of the dam crest dur-
ing the Mar—Chile Earthquake is shown in figure 15.
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The maximum horizontal and vertical displacements
of the dam crest during the Mar—Chile Earthquake
are, respectively, 1.5 and 1.1 m.
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3. Results of analysis of the concrete face

These results are showed in figurel6 and 17 (Li-
mon dam, the 2" stage, H = 82 m). The displacements,
bending moments and longitudinal forces (axial) in
the concrete face are presented for action of Maximum
Credible Eartquake (MCE) of Mar—Chile after filling of
the reservoir up to maximum elevation (Limon dam,
the 2" stage, / = 82 m). It’s shown that the greatest

a) Horizontal E

displacement, m
4.05150-003
2.0000e-002
4.0000e-002

6.0000e-002 @
8.0000e-002
1.0000e-001
1.2000e-001
1.4000e-001
1.6000e-001

influences on the concrete face is axial compression, be-
ing of lesser bending moment value, therefore, the con-
crete face will be in compression state. With the dimen-
sions of concrete face, adopted forces and moments it
can determine the bearing capacity and reinforcement
of thick 0.55 and 0.42 m concrete face based on the
diagram of interaction force-bending. Also this rein-
forcement is also recommended to absorb stresses due
to shrinkage and thermal changes in concrete face.

b) Vertical E
displacement, m

2.4978e-002
4.0000e-002
6.0000e-002
8.00006-002 D]
1.0000e-001
1.2000e-001
1.4000e-001
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Figure 16. Horizontal (@) & vertical (b) displacements of concrete face after filling of the reservoir up to maximum elevation
(CFRD of the 2" stage, H = 82 m):
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Figure 17. Longitudinal forces (¢) and bending moments (b) in the concrete face after filling of
the reservoir up to maximum elevation (CFRD of the 2" stage, H = 82 m)

LEGEND FOR FIGURES 16 AND 17:

A —point on perimetral joint; B — intermedial point; C — point on the crest of dam of the 1% stage;
A — point on perimetral joint; B — intermedial point; C — point on the crest of dam of the 2™ stage.

Displacements in points of concrete face:

Forces N & bending moments M in points of concrete face:

A-Ux=0,14 m; Uz=-0,16m A — N=-80t (compression); M=-6tm
B-Ux=0,16 m; Uz=-0,18m B — N=-40t (compression); M=-2tm
C-Ux=0,14m; Uz=-0,14m C - N=-50t (compression); M=0tm

D-Ux=0,08 m; Uz=-0,10m D - N=-50t (compression); M=-2tm
E - Ux=0,06 m; Uz =-0,04 m E — N=-50t (compression); M=-4tm

Deflections of concrete face: in point B (maximum) — 24 cm; in point C — 19 cm; in point D — 13 cm

LIMHAMVIKA KOHCTPYKLIUA 1 COOPYKEHMI
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4. Supposed designed behavior of
the concrete face of Limon dam

From the pattern of deformations the behavior of
concrete face acts as a rigid wall to vibrations in the
transverse direction of the valley, differs considera-
bly from the rockfill and transition zone materials,
the transverse response across the valley of rockfill
dam may be limited by the relatively rigid concrete
face. This may lead to tension stresses in the plane of
concrete face, seismic forces transferred from rock-
fill to concrete face are limited by the frictional for-
ces between the transition zone of rockfill and con-
crete face. Like all the water load is supported by the
concrete face, these frictional forces are relatively
high and therefore stresses in the plane of concrete
face can be significant enough to cause local defor-
mations or shears of concrete face slabs along its
longitudinal joints. The dam deformations can cause
the crack opening in concrete slabs and sliding along
the crack surface and suffer oscillating movements.
This behavior of Limon dam corresponds to many case
studies of behavior of concrete face rockfill dams,
in detail described and discussed in [10-15].

The main advantage of this dam with concrete
face is its high resistance to erosion in case of water
seepage through cracked concrete face. If the zone of
materials under the concrete face has a proper particle
sizes the permeability coefficient will be 107 cm/s
and then zone will be stable against its erosion. This
eliminates the risk of high leakages developed under
cracked concrete face.

Main conclusions

1. Horizontal and vertical displacements of the
downstream slope after the Mar—Chile Earthquake
are, respectively, 2.0-2.5 and 1-1.3 m. The maxi-
mum horizontal and vertical displacements of dam
crest during the Mar—Chile Earthquake are, respec-
tively, 1.5 and 1.1 m and after the earthquake — 0.4
and 0.3 m. These displacements about two times
lower than those in the previous variant 1 of the dam
with the downstream slope of (V/H = 1/1.7) and the
under-laying rockfill without berms.

2. In comparison with the previous variant 1 of
Limon dam (H = 82 m) with the downstream slope
of (V/H = 1/1.7) and the under-laying rockfill with-
out berms this variant 2 of Limon dam (H = 82 m)
with additional gravel zone with two berms on down-
stream slope is much more stable and safe under ac-
tion of very strong MCE of the Mar—Chile Earth-
quake. Therefore, this variant 2 of Limon dam can be
adopted in the following detailed final design of 82 m
high Limon dam.
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3. During the forthcoming reservoir filling the strict
monitoring of instruments embedded in dam body
(piezometers, benchmarks, strain gauges, accelerom-
eters) with expert control is necessary.
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CraTnyeckue M JMHAMUYECKHE PacyeThl HAPAIMBAHUS I'PYHTOBOM NMJIOTHHBI
¢ 0eToHHbIM dKkpaHoM JIumon (Ilepy)
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Ipunama x nyoruxayuu: 22 mapta 2019 .

Kurouesvie cnosa:

TPYHTOBas IUIOTHHA

¢ 6eronHbM 3kpanoM (CFGD);
HEJIMHEHHBIA CEMCMUYECKUN
(nMHAMHMYECKHIi) pacuer;
YCKOpEHHE OCHOBAHHMS;
aKceyieporpaMma 3eMJIeTPSICEHUS;
pacuet GuIbTpau

Annomayus

Ilenu. DxcrniepTHas MMPOBEPKa MPEIOKEHHBIX IPOCKTHBIX PEIICHUI, pa3-
paboTKa HEOOXOAWMBIX MPOEKTHBIX PElICHWH MO HapanlMBaHWIO TUIOTHHEI JIu-
MOH cornacHo pekomenaarusam ICOLD.

Memoowt. TTonpoOHbIe cTaTHYeCKUe U CeHCMUYecKHe (IMHAMIIECKUe) pacye-
ThI HanpsbkeHHO-AedopmuposanHoro cocrosuusd (HJC) u ¢unsrpanuu rpyHro-
Bo#t uiotusbl JInmon (Ilepy) ¢ GeTOHHBIM 3KpaHOM OBUTH BBHITIONIHEHBI C HC-
MOJIb30BAHUEM TEPEAOBBIX ITporpamMM uncieHHbix pacyeroB FLAC-3D (CILA) u
PLAXIS 2D (I'onnanaust) COOTBETCTBEHHO. B cTaTHdeckux W ceHcMHYecKHx (Ju-
HaMHYECKHUX) pacueTax IUIOTUHBI JIMMOH HCTIoIb30Basach yIpyro-IulacTHIecKas
mozenb Mopa — KyiioHa ¢ mepeMeHHbIM yIjioM COBUra TPaBUHAHBIX U TaJeYHU-
KOBBIX 30H IUIOTHHBI M TPYHTOB €€ OCHOBaHHWS. B IMHAMHUYECKMX HENMWHEHHBIX
pacuerax HIIC nByx BapuaHTOB IUIOTHHBI JIMMOH NpU HANOJHEHHOM BOJOXpa-
HUIHIIE KCIIOJIB30BAJIOCh aKCeIeporpaMmMa MaKCHMAaJIbHOTO BO3MOYKHOTO 3€M-
nerpsicenus: (MB3) Mar—Chile.

Pesynomamer. Ha 0cHOBE MOMy4YEeHHBIX pacyeToB OBUIM pa3paboTaHbI pe-
KOMEHJIalIU{ TI0 MPOEKTy HapallliBaHWs IUIOTUHBI C ME€PBOHAYAILHOM BBICOTHI
(H =43 m) 1o 82 M nepe| IEpBbIM HAMOJIHEHUEM BOJOXPAHUIIHINA. DKCIIEPTHAs
OLIEHKa BCeX HEOOXOAMMBIX IMPOEKTHBIX PEUICHHWH 10 HAPAIIUBAHUIO IJIOTHHBI
JIluMoH Oblia BBHIMOJIHEHA B COOTBETCTBHH C PEKOMEHAAIMSIMUA MeXayHapOTHOH
komuccuu 1o 6onpmumM mwiotuHaM (ICOLD).
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