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Abstract. Over the past 20 years, rolled compacted concrete (RCC) dams have
continued to be built in many countries because of their technical and economic
advantages over conventional dams of vibrating concrete and embankment dams.
The aim of this study is the development of new structural and technological
solutions in RCC dams in order to reduce the consumption of cement and expand
their use on non-rock foundations, which will allow them to successfully compete
with concrete face rockfill dams. The numerical analyses of static and seismic
stress-strain state (SST) of gravitational dams in roller compacted very lean con-
crete dams have been made, as well as their stability, strength and cost have been
assessed. For rock and dense sandy-gravel foundations the most economical is
the concrete face rockfill dam and symmetrical RCC dam of very lean concrete
with bases (0.5-0.7) of both slopes and outer zones of conventional concrete and
central zone of rockfill strengthened by cement-ash mortar. Taking into account
that the cost of diversion and spillway tunnels for very lean RCC dam will be
less and the construction period — shorter than for the concrete face rockfill dam,
it can be concluded that variant of symmetrical RCC dam of very lean concrete
is the technically and economically effective. Symmetrical RCC dams of very
lean concrete with 1V/(0.5-0.7)H slopes have more seismic resistance and tech-
nical and economic efficiency as compared with conventional gravitational RCC
dams and other types of dams. These dams up to 200 m high can be built on rock
foundations and up to 100 m high — on dense sandy gravel foundations.

Keywords: very lean roller compacted concrete, dams, strengthened by cement
rockfill, geomembrane, stress-strain state
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THBHO-TEXHOJIOTHYECKHE PEIICHHUS B IUIOTHHAX U3 YbB ¢ Lebio CHIDKEHHs pac-
Xo4a HEMCHTA U paClINPCHUS UX MPUMCEHCHUS Ha HCCKAJIbHBIX OCHOBAHUAX, YTO
MO3BOJIUT MM YCIEIIHO KOHKYPUPOBAaTh C IPYHTOBBIMU IUIOTHHAME C SKPaHAMH
13 Kene300eToHa. BhIMOTHEHBI YHCIIEHHBIE PACYCSTH CTATHYECKOTO U ceiicMude-
CKOTO HANpPSHKEHHO-e()OPMUPOBAHHOTO COCTOSIHUS TPABHUTALMOHHBIX IUIOTHH U3
0c000 TOIIEr0 YKaTaHHOTO OETOHA, a TAKXKE OLIEHKA UX YCTOWYMBOCTH, IIPOYHO-
cTU U crouMocTr. Hanbonee 3KOHOMUYHBIMH JUTSl CKAJTBHOTO M TUIOTHOTO TIeCYaHo-
IPaBEICTOr0 OCHOBAHHH SIBISIFOTCS TPYHTOBAsI IUIOTHHA C 9KPAHOM U3 JKEJIe30-
0eToHa ¥ CHMMETpPUYHAs TUIOTHHA C 3al0KeHueM 0TKocoB 0,5-0,7 ¢ HapyKHBI-
MH 30HaMH U3 0CO00 TOLIEro yKaTaHHOro OCTOHA M LICHTPAIBHOM 30HOI U3 KaM-
Hsl, YIIPOYHEHHOTO IIEMEHTHO-30JbHBIM PACTBOPOM. YUHTBIBAs, YTO CTOUMOCTH
OTBOALIMX U BOZOCOPOCHBIX TyHHENEH MPH IUIOTHHE U3 0C000 TOIIEro yKaTaH-
HOro 6eToHa OyJIeT MEHbIIE, a CPOK CTPOUTENILCTBA — KOPOYE, YeM MPHU TPYHTO-
BOU IUIOTHHE C 9KPAHOM M3 JKeJIe300eTOHa, MOXKHO CIENATh BBIBOI O TEXHHKO-
9KOHOMHYECKOH 3()(EKTUBHOCTH BapuaHTa MUIOTHHBI M3 0CO00 TOIIETO yKaTaH-
HOro 6eroHa. [IMOTHHBI CHMMETPHYHOTO MPOGUIIS U3 0CO00 TOIIETO YKATAHHOTO

OeToHa ¢ 3anoxkeHueM oboux orkocoB 0,5-0,7 oOiamaroT 0oJjiee BHICOKOM Ceii-
CMOCTOHKOCTBIO U TEXHHUKO-3KOHOMHUYECKOH 3()(HEKTUBHOCTHIO 10 CPABHEHHIO C
O6I)I‘{HI>IMI/I FpaBl/ITal_lI/lOHHbIMI/I IJIOTUHAMU U3 YB u leyFl/IMI/l BUAAMHU IIJIOTHH.
TI10THHBI TaHHOTO TUMA BHICOTON 710 200 M MOXHO CTPOUTH Ha CKAIBHBIX OCHO-
BaHUsX, a BEICOTON 10 100 M — Ha TUIOTHBIX MECUAHO-TPABEITUCTHIX OCHOBAHUSX.

JJ1st puTHpOBAaHUS

Jlanuues FO.II. VIHHOBallMOHHBIE KOH-
CTPYKIIMH TUIOTHH M3 0C000 TOIEro yka-
TaHHOTO OeToHa // CTpouTeNbHAs MEXaHU-
Ka WH)XCHEPHBIX KOHCTPYKIUH H COOpYy-
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17-3-248-260 ceificMocTOHKOCT

Introduction

In most countries of the world when designing gravity dams from conventional and RCC use two main
conditions of strength (M. Levy and O. Hoffman), written in the following form respectively:

o(B) — ywH > o; 1)
do(B) / da > 0, @)

where o(B) — total vertical normal stress (compression with sign “~) in point B (at the end of open crack, Figure 1, b;
vw — density of water; H — head; o — tensile strength of RCC in seams; a; — crack length in upstream face.

In crack (opened “cold” seam) there is complete uplift water pressure and shear resistance in RCC seam is
absent. The first condition (1) means that the effective normal stress in point B does not exceed the tensile
strength of RCC in seams (approximately equal to cohesion) and then the AB crack does not develop (seam
opening does not occur).

Equation (1) requires knowledge of stresses o(B), which is not determined by the equilibrium equations
alone. According to the theory of eccentric compression, which is not applicable, especially for the contact sec-
tion, the distribution of total vertical stresses will be linear from point B to the downstream face, i.e. in closed
(work) zone of RCC seam (Figure 1, b). For this RCC dam profile and the operating loads, the stress in point B
depends on coefficient a of relative depth of crack propagation (oo = AB / AC). With increase of a coefficient
the moment from dam own weight relatively to point B increases, which leads to decrease of normal stress, while
uplift water pressure increases, which leads to increase of normal stress. The balance between these two counte-
ractions is expressed by Hoffman condition (2). If Hoffman condition (2) is not held and Levy condition (3-1) is
held, then this means crack spreading or seam opening. As a. coefficient increases, the tension in point B de-
creases, which leads to decrease of normal stresses. There may be value of a coefficient greater than given a, for
which Levy condition will be held.

If both conditions (1) and (2) are not held, this means unstable crack propagation or opening of RCC seam with
increase of a coefficient effective tension in point B increases. Dam failure is inevitable if Hoffiman condition (2) is
not held for any value of a coefficient greater than o,. The fulfillment of both conditions in designing of gravity dam
of height of 100 m of conventional concrete with vertical upstream face for average values of shear strength of
the rock foundation (excluding seismic loads) leads to adoption of base of downstream slope of about 0.8.
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Figure 1. Strength condition for crack appearance (joint opening) in RCC dam
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Figure 2. Vertical stresses, MPa, in foundation of gravity (a) and symmetrical (b) RCC dam (h = 100 m)
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Further are the given results of calculations of stability and contact stress in symmetrical dam from very
lean RCC with base of downstream slope of 0.7 and in conventional gravity dam of 100 m high (on rock foun-
dation) with lower face of 0.8. Figure 2, b presents results of calculations of boundary vertical contact stresses
(in MPa), dependence of angle of deviation of resultant of all forces in dam foundation from the vertical and
margin of safety in-plane shear (SF) in dam foundation from degree of residual uplift water pressure and due to
drainage operation.

For comparison, Figure 2, a shows the same results of calculations and dependences for gravity dam of
the same height (100 m) from conventional concrete (density 2.4 t/m?) with vertical upstream face. In rock foun-
dation of both dam, equal shear strength is adopted (internal friction angle ¢ = 30° cohesion C = 0.3 MPa),
which correspond to the criteria of Hoek for rock granite-gneisses of average weathered with crack spacing of
0.5 m. Another large difference between both dams concerns shear stresses in the contact section: in symmetrical
dam from RCC the average shear stresses are much lower. than in gravity dam (0.36 vs 0.63 MPa). The angle of
deviation 0 of resultant of all forces in foundation from the vertical, depending on uplift pressure u in symmet-
rical dam, varied from 14 to 22° whereas in gravity dam from 27 to 42° (Figure 2, a).

In 1992, P. Londe, President of ICOLD proposed an idea of solid embankment [1] from very lean RCC
with a cement consumption of 50 kg/m? in dam of symmetrical profile h = 100 m with the base of both slopes of
0.7 on rock foundation. This idea was supported by some specialists [2]. The water tightness of dam was provi-
ded by reinforced concrete face on upstream slope (Figure 3).
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Figure 3. Symmetrical h = 100 m of the very lean RCC dam with reinforced concrete face

Further development of this idea led to development in 1998 [3-4] of project of symmetrical dam h =100 m
with base of both slopes of 0.5, external zones of RCC of 3rd type according to RCC classification [4] (cement
consumption 70-80, fly ash 100-120 kg/m®) with width equal to (3 + 0.1H), (where H is reservoir head, m) and
inner zone of rockfill, enriched or hardened with cement-ash mortar (REC) or RCC-0 (Figure 4). Advantages of
symmetrical dams of very lean RCC (Figure 3) and rockfill enriched or hardened with cement-ash mortar (Fi-
gure 4) compared to conventional gravity dams from RCC are following:

1) reduction of stresses in dam body and its foundation;

2) low cost of very lean RCC and rockfill enriched with cement;

3) greater seismic resistance than that of gravity dams from RCC,;

4) the possibility of construction on semi-rock foundations;

5) treatment of horizontal seams is not required;

6) small number of deformation joints with their large spacing (3040 m);

7) drainage of dam foundation occurs due to permeability of lower layer of the inner zone REC or RCC-0,
seepage uplift pressure in foundation due to grout curtain from the gallery will be small.
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Water impermeability of upstream face is provided by geomembrane CARPI (Switzerland) — a two-layer
film made of PVC and drainage of 3 mm thick geotextile (Figure 4). Installation of strips of film with 2.1 m
width is carried out independently and in parallel with placement of RCC by platforms fixed on dam crest and
descending along upstream face along the rails. The lower end of film is anchored in concrete apron in founda-
tion of upstream face and upper end is anchored in dam crest on steel plates and bolts (Figure 5). The impermea-
bility of film joints and fasteners is provided by rubber seals and smearing of joints with epoxy glue.
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Figure 4. Symmetrical dam with outer zones of RCC (type 3) from 30 cm thick layers and inner zones of rockfill enriched
with cement-ash mortar (REC or RCC-0) from 60 cm thick layers

. Y
Y Sy
p— Typical cross sections:
: a — RCC layers;
b — water-proof geomembrane;
¢ — vertical anchorage and drainage of geomembrane;
d - drain-box of contour system of drainage area;
e — contour sealing;
f — contour slab-apron;
g - ventilation pipe

s

Vertical anchorage
and drain-age of geomembrane (c):
1 - embedded profile;
2 — profile-bracing;
3 - fastening system;
4 — drainage layer;
5 — waterproofing insulating tape;
6 — canal for water passing

Contour slab-apron (f):
h — drainage canal;
i — grout curtain;
j — contact grouting;
k — gallery

Figure 5. Geomembrane CARPI of upstream face of RCC dams
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The CARPI geomembrane is installed and successfully operated on 37 dams from the RCC [5-8].
It is characterized by high reliability from punctures, water resistance, high drainage capacity and is recommen-
ded for use in these dams in ICOLD Bulletin 135 (2010) [9].

Methods

Methodology of numerical modeling of seismic resistance of dam
taking into account the possibility of opening of technological seams

When numerically assessing of seismic resistance of system “dam — foundation — reservoir” system of
equations of motion is to be solved:

(K] (U} + [CT V) + [M] (W) = {R(D)5, 3)

where [K], [C], [M] — matrix of stiffness, damping and masses of calculation area; {U}, {V}, {W} — vectors of
relative displacements, velocity and acceleration in fixed points of calculation area; {R(f)} — vector of variable
dynamic actions.

Solution of system of equations (3) is made according to method used in analyses of dams from conven-
tional concrete. These analyses did not take into account the influence of gravitational waves and simplified
the boundary conditions between reservoir and dam and reservoir and dam foundation at these boundaries
the condition of equality of movements normal to these boundaries, both for solid body (dam, foundation) and
water, is fulfilled. Transmission of tangential stresses at these boundaries is taken into account, which simplifies
the task by abandoning introduction of contact elements. To describe behavior of RCC an elastic plastic (with
hardening) model of conventional concrete used in seismic analyses of concrete dams was used, in which shear
parameters of RCC seams were adopted (internal friction angle ¢ = 45°, cohesion C, tensile strength across seam
p = C). Description of RCC deformability in the model is made by piecewise smooth loading surface separating
the area of elastic operation of RCC in stress space from the stress change area in which plastic deformations are
developing. Introduction of loading surface defines the concepts of loading, unloading and neutral loading.

Complete deformations consist of viscoelastic and plastic deformations. In analysis of viscoelastic and
plastic deformations the flow law associated with loading function from Mises maximum principle is used:

de”; = ), dAtof, / Ocj;. 4
For system of determining parameters tangent and normal stresses on maximum shear site are accepted
Tw=(01—02)/2; o,=(c1+02)/2 ®)
Hardening parameters are shear and volumetric pseudoplastic deformations on maximum shear site
v = (e +e))/2 07 =(e +€))/2. (6)

Loading functions of the model are formulated on the basis of analysis of available experimental data of
RCC as follows

T, = Gy —P. (7)

Equation (7) reflects the destruction of RCC with predominance of tensile stresses, equation (6) — behavior
of RCC in case of its destruction from compressive stresses.

The RCC model allows to reproduce in analyses the appearance of horizontal cracks in dam (opening of
RCC seams) and in dam foundation — arbitrary cracks and subsequent work of RCC in crack zone only for com-
pression.
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Results of analyses and its discussion
Analyses of stability, strength and cost of RCC dams

Below are given results of analyses of stability and strength of 4 types of dams h = 100 m: gravity dam from
RCC-3rd type (Figure 6), rockfill dam with reinforced concrete face, dam from very lean RCC (Figure 3) and dam
from RCC and rockfill enriched with cement-ash mortar (Figure 4). The rock foundation (angle of inner friction
¢ = 45° cohesion C = 1 MPa) was considered in all variants, non-rock foundation ¢ = 30°, C = 0.3 MPa) in variants
2-4. These analyses took into account the earthquake intensity on the MSK-81 scale of 8 grade (acceleration 0.2g).

Variant 1 (Figure 6): gravity RCC dam with downstream face with the base of 0.8 and upstream face with
the base of 0.1, crest width of dam — 8 m. Uplift water pressure in dam foundation is taken into account its de-
crease in drainage by 35%. Parameters of shear strength in RCC seams: ¢ = 45°, C = 2 MPa. Seismic resistance
of the dam was determined by the pseudostatic method [28].

Variant 2: rockfill dam with with reinforced concrete face, the base of upstream slope 1.4, the base of
downstream — 1.5, crest width of dam — 8 m. The shear strength of rockfill: ¢ = 45° C = 0. Seismic resistance of
both slopes was determined by the pseudostatic method of Terzaghi — VNIIG.

Variant 3 (Figure 4): symmetrical dam with outer zones from RCC-3 and inner zone from rockfill, en-
riched with cement-ash mortar with base of both slopes 0.5 with upstream face of geomembrane CARPI. Para-
meters of shear strength in RCC seams: ¢ = 45° C = 0.5 MPa, in rockfill, enriched with cement-ash mortar:
¢ = 45° C = 0.1 MPa. Uplift water pressure in drainage is decreased by 40%.

Variant 4 (Figure 3): symmetrical dam from very lean RCC with face of reinforced concrete (base of both
slopes 0.7). Parameters of shear strength in RCC seams: ¢ = 45°, C = 0.5 MPa. Uplift water pressure in drainage
is decreased by 40%.

Calculations of cost of all dam variants (for running meter) were made by unit prices (for 1 M%) in 1995,
given in [10].

As criteria for the stability of RCC dams the safety factor for in-plane shear (SF) in dam foundation or
for round-cylindrical sliding (in variant 2) and tg® (@ — angle of deviation of resultant of all forces in dam foun-
dation from the vertical), normal vertical stresses oy: tensile (+) and compressive (—) were used. Results of ana-
lyses of seismic resistance and cost of 1 running meter of dam is given in Table. 3.1 and 3.2 for both dam foun-
dations [10]. As can be seen from Tables 1 and 2 the most economical for rock and sand-gravel foundations will
be: variant 2 (rockfill dam with reinforced concrete face) and variant 4 (symmetrical dam with outer zones of
RCC-3 and inner zone of rockfill enriched or hardened with cement-ash mortar).

Normal
operation

100.0 m \l/level

Spillway sill
L in spillway dam section

0,8

/3cct¥pei

Drainage curtain

0.0m \[/

Grout curtain

Figure 6. Gravity dam from RCC-3
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Table 1
Results of analyses of stability, stresses and cost of dams on rock foundation
Cost, thous. doll. SF (tg9) SF (tg9) oy, MPa, oy, MPa,
per running m whithout seism with seism whithout seism with seism
140 3.0(0.7) 1.85 (1.16) <0 +1.2
91 1.4 1.2 - -
115 4.3 (0.23) in D-S 2.7 (0.43) in D-S —1.03 in D-S —0.74 in D-S
3.3(0.34) in U-S 2.1(0.58) in U-S -1.56 in U-S -1.78 in U-S
4.8 (0.21) in D-S 2.9 (0.32) in D-S
155 3.7(0.29) in U-S 2.3(0.48) in U-S <0 <0
Note: D-S — downstream slope; U-S — upstream slope or face.
Table 2
Results of analyses of stability, stresses and cost of dams on soil foundation
Cost, thous. doll. SF (tg9) SF (tg9) oy(-), MPa, cy(-), MPa,
per running m whithout seism with seism whithout seism with seism
91 1.4 1.2 - -
115 2.8 (0.32) in D-S 1.51 (0.56) in D-S —-1.12in D-S —0.8 in D-S
2.1(0.39) in U-S 1.16 (0.82) in U-S —1.67 in U-S -1.9in U-S
155 3.0(0.28) in D-S 1.57 (0.53) in D-S -0.9in D-S —0.6 in D-S
2.3(0.42) in U-S 1.20 (0.8) in U-S -1.4in U-S -1.8in U-S

Note: D-S — downstream slope; U-S — upstream slope or face.

Given that the cost of diversion and spillway tunnels in variants 3 and 4 will be much less, and the con-
struction time will be shorter than in variant 2 approximately by half a year or a year, it can be concluded about
cost effectiveness of variants 3 and 4 of RCC dams.

Stability and strength of RCC dams for static and seismic loads

Tables 3 and 4 show stability and safety factors for in-plane shear on foundation of conventional gravity
dam from RCC-3 (& = 100 m) with vertical upstream face and downstream face with bases 0.7; 0.8; 0.9 and
symmetrical RCC-3 and RCC-0 (4 = 100 m) with bases of both slopes 0.5 and 0.7.

Both dams are located on rock (¢ = 40°, C = 0.2 MPa) and dense sandy-gravel (¢ = 35°, C = 0) foun-
dations. In analyses the uplift water pressure along the axis of grout curtain (on rock foundation) or wall curtain
(on soil foundation) in 40% of water pressure was taken. Analyses of seismic stability of the dam were carried
out according to the linear-spectral theory (LST).

Table 3
Coefficients of stability factor on shear of gravity dam from RCC-3 (4 =100 m)

Coefficients of stability factor of dam on shear (static/seismic) for bases of downstream slope

Type of foundation

0.7 0.8 0.9
Rock 1.91/1.47 2.14/1.60 2.37/1.73
Sandy gravel 1.33/1.02 1.50/1.12 1.66/1.21

Table 4
Coefficients of stability factor on shear of symmetrical dam from RCC (4 = 100 m) for various foundations

Coefficients of stability factor of dam on shear (static/seismic) for bases of both slopes

Type of foundation

0.5 0.7
Rock 3.15/2.21 4.27/2.74
Sandy gravel 2.20/1.55 2.98/1.92

Comparison of Tables 3 and 4 with normative stability coefficients of concrete dams of class I, equal in
static and seismic cases 1.32 and 1.18 respectively, shows that seismic resistance of gravity dam (bases upstream
slope of 0.7-0.8) is insufficient on sandy-gravel foundation. In this case, it is necessary to change the usual dam
profile to symmetrical one of RCC-0 and RCC-3 with bases of both slopes of 0.5-0.7 (Figures 3 and 4).
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Analyses of 100 m high symmetrical dam (from RCC-3 and RCC-0)
on action of powerfull earthquake accelerograms

In these analyses the same parameters of shear strength of RCC-3 and RCC-0 were used as in previous
analyses of seismic resistance within LST framework and parameters of deformability of rock foundation
(E =10000 MPa and v = 0.2).

Symmetrical dam analyses of RCC-3 and RCC-0 for 100 m high dam with bases of both slopes of 0.5
for action of the earthquake accelerogram with horizontal acceleration of 0.2g and vertical one of 0.14g showed
that for magnitude 8 of earthquake the dam works elastically and quite reliably and its movements completely
fade by the end of earthquake.

Figure 7 shows the mesh of finite elements (FE) of dam with one short crack (seam opening) in foundation
of upper zone RCC-3. With horizontal acceleration of 0.4g and vertical one of 0.28g, the dam reaction in
its foundation is elastic with complete damping of oscillations, in upper part the dam reaction is elasto-plastic.
The picture of opening seams of RCC (Figure 8) shows that in dam foundation the depth of seams opening from
reservoir side reaches the middle of dam profile and from downstream side reaches its quarter. Taking into ac-
count availability of CARPI membrane on upstream slope the uplift water pressure in opened seams of RCC is
excluded and the seismic resistance of dam is ensured.
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Figure 7. Mesh of FE and joint opening (bold line) Figure 8. Mesh of FE and joint opening (bold line)
in base of upstream zone of the RCC-3 in base of upstream zone of the RCC-3
for earthquake of magnitude 8 (A2 = 0.2g, Ave" = 0.14g) for earthquake of magnitude 9 (A2 = 0.4g, A" = 0.28g)

Thus, symmetrical dam of h = 100 m (bases of both slopes of 0.5) has sufficient factor of seismic re-
sistance during earthquake of magnitude 8 and 9, which indicates expediency of its consideration in dam projects
in seismic areas of Russia, CIS countries and foreign countries. At present the optimization of structures and
technologies of construction of traditional RCC dams [11-23] and competing with these dams rockfill dams with
reinforced concrete faces [24-27] continues.

Examples of new symmetrical dams from very lean RCC
Cindere 107 m high dam in Turkey

In 2005 Cindere dam was built in Turkey, the highest (107 m) and largest (the volume of RCC is 1.5 mil-
lion m?, the total volume of concrete is 1.7 million m®) dam of this type. Feature of dam layout is arrangement on
its downstream slope the operated spillway and water intake of hydropower power plant (Figure 9). The spillway
central section of dam has base of downstream slope increased to 0.89 for favorable interface with the apron
slab. The spillway with 4 holes of 10 m wide and 12.5 m high, overlapped by segment gates is designed to pass
3620 m*/sec. The profile of Cindere dam is symmetrical with base of both slope of 0.7. Figure 10 show the sta-
ges of its construction given in [20]. The dam is located on semi-rock foundation of aspid shales with dry com-
pressive strength (5-24) MPa and deformation module (1-7)10* MPa. In the dam particularly rigid RCC-1 was
used with consumption of cement 50 and fly ash of 20 kg/m?, thickness of layers of RCC — 25 cm. Watertight-
ness of upstream slope was provided by precast concrete panels with PVC film fixed on them, which cannot be
considered successful due to danger of its punctures during mounting.

The dam stability to shear in its foundation and seams in RCC was ensured for maximum horizontal ac-
celeration of 0.4g. Compressive stresses were provided on upstream slope of the dam and its foundation, ensu-
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ring that there is no opening of contact seam in foundation and seams of RCC. Due to the high seismicity RCC
seams on the upstream side were treated with layer of cement mortar 25 mm thick to depth of 13 m in the bottom
of upstream slope and 5 m in dam crest, which ensured high cohesion between RCC cold layers. The construc-
tion period of the dam was 34 months, which corresponds to the average monthly intensity of placement of RCC
of 50 thousand m®. At present 3 project of such dams are being considered in Turkey.
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Figure 10. Top (a) and upstream (b) views of Cindere dam [20]

Ituango dam of height 180 m in Colombia

In 1999 energy company ISAGEN (Medellin) invited the author of article to conduct expertise of the fea-
sibility study of the dam project. In the feasibility study rockfill dam with reinforced concrete face was adopted
as main variant, which was used in many dam projects in Colombia.

Instead of this dam variant by our recommendation was developed symmetrical gravity dam from RCC-2
with bases of both slopes of 0.7, height of 180 m, length along the dam crest of 450 m, RCC volume of 2.4 mil-
lion m® with surface spillway (Figure 11), which allows to abandon spillway tunnels, significantly accelerates
the total dam construction time and reduces its cost [3]. The dam is able to resist earthquake of 9 magnitude
without opening of RCC seams and dynamic loads when flood of 21.000 m®/sec passes through operating spill-
way with 21.7 m head (with smooth spillway face and jet throw in downstream zone). The head of spillway was
made of reinforced concrete, non-overflow part of dam crest has curved surface to reduce stress concentrations
during the earthquake. Composition of RCC-2 (per 1 m®): cement 100-120 kg, crushed stone — 1250 kg, pebble
gravel — 1000 kg. Due to wide dam profile the treatment of cold seams of RCC with cement mortar is assumed
only in pressure and upper zones of the dam. The dam profile includes 33 m high upstream coffer dam with
grout gallery on its crest, which will accelerate the dam construction.
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Figure 11. Profile of spillway section of RCC-2 Ituango dam, H = 180 m

Yumaguzinskaya dam from very lean RCC (65 m high, Russia, project variant)

When designing this hydraulic system we developed variant of dam 65 m high and 600 m length from
very lean RCC on soft foundation. Technical and economic advantages of this dam variant in comparison with
accepted variant of rockfill dam: 1) arrangement of regulated spillway in channel part of dam, which allows to
abandon bank side spillway; 2) allowing overflow of peak of catastrophic flood over dam crest, which reduces
level of Surcharged Reservoir Level (SRL) and flooding of downstream area; 3) lower cost and construction
time. Analyses of stability and strength of spillway dam (bases of both 0.7) in channel of gravel-pebble deposits
for static and seismic loads (7 grade) showed high stability and strength of dam and its foundation with uniform
diagram of vertical stresses in foundation. Figures 12 and 13 show symmetrical profiles of spillway and non-
overflow dam sections from very lean RCC. In foundation of both sections from upstream gallery were made
trench walls-curtains (15 m deep in channel and up to 70 m on right bank).
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Figure 12. Spillway section of Yumaguzinskaya from very lean RCC:
1 — watertight reomembrane; 2 — channel deposits; 3 — trench wall-curtain; 4, 5 — semi-rock deposits;
@ITY — surcharged reservoir level; HITY — normal reservoir level; PITY — rated reservoir level;
RCC — RCC type 2; REC - rockfill, strengthened by cement-ash mortar; CVC — conventional vibrating concrete
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Figure 13. Non-overflow section of Yumaguzinskaya dam from very lean RCC:
1 - CARPI membrane; 2 — precast concrete blocks; 3 — gravely sands; 4 — trench cut-off wall; 5 — drainage holes; 6 — bed rock;
CVC — conventional concrete; RCC-1 — RCC type 1; REC — rockfill, strengthened by cement-ash mortar

Conclusion

Dams of symmetrical profile of very lean RCC with bases of both slopes 0.5-0.7 have higher seismic re-
sistance and technical and economic efficiency compared to conventional gravity dams from RC C and other
types of dams.

These dams up to 200 m high can be built on rock foundations and up to 100 m high on dense sandy-
gravel foundations.

The possibility of building these dams in seismically active areas of Russia, CIS countries, Latin America
and Asia, as well as in Russian dam projects abroad should be considered.
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