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Seismic Behavior of a Bituminous-Faced m
Rock-Fill Dam: The Menta Dam s

L. Petkovski, S. Mitovski, and F. Panovska

Abstract In the analysis of the dynamic response of the bituminous-faced rock-
fill dam (BFRD) Menta, is applied non-linear model, where the rock material is
approximated by variable sliding modulus, and the asphaltic facing with thickness
of 32 cm is applied by joint elements with linear elastic constitutive law. Permanent
displacements during the seismic excitation are determined by Dynamic deformation
analysis, where the incremental forces are calculated by the difference of the effective
stresses in two successive time steps, resulting in adequate deformations. For the state
of reservoir rapid filling, as pre-earthquake state by normal water elevation in the
reservoir, is used elastoplastic model by variable modulus of elasticity for the rock
material. By the dynamic analysis is verified the seismic resistance of the fill dam
at action of design earthquakes by PGA of 0.26 g, without disruption of the water
impermeability of the asphaltic facing and without danger for rapid and uncontrolled
emptying of the reservoir, because the settlements in the dam crest caused by dynamic
inertial forces for the earthquake duration amounts 40 cm, i.e. they are much lower
than the height above normal elevation in the reservoir till the dam crest, with value
of 7.25 m.

Keywords Menta dam - Dynamic analysis * Asphaltic facing

1 Dam Model and Material Parameters for the Structural
Analysis

The representative cross section and parameters of the local materials for the fill
dam Menta are adopted according to the available data bases [1]. The model for
structural (static and dynamic) analysis of the dam is composed of two materials:
rock material in the dam’s body and asphaltic facing (Fig. 1). For the static analysis,
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Fig. 1 Model for structural analysis, by specified elevations: dam crest at 1,431.75 m asl, normal
water elevation at 1,424.5 m asl, first berm on 1,404.5 m asl, second berm on 1,377.5 m asl, upstream
toe at 1,375.53 m asl (above grouting gallery), rock at cross section axis 1,352.57 m asl, downstream
toe at 1,360.0 m asl. Structural height of 1,431.75-1,352.57 = 79.18 m

for the asphaltic facing, with thickness of 0.32 m is applied linear elastic law, by
following material parameters: E = 150,000 kPa, v=0.44,y =24 kN/m?3, while for
the rock material is applied elastoplastic constitutive law with variable modulus of
elasticity (Fig. 2), with following geo-mechanical parameters: E = E(oy’), v =0.27,
y =23 kN/m?, ¢ =38 and ¢ = 0.0 kN/m?,

For the dynamic analysis, for the asphalt facing with thickness of 0.32 m is applied
linear elastic law, by following material parameters: Gp,x = 2.0 GPa,v=0.44,y =
24 kN/m?, DR = 0.1, while for the rock material is applied non-linear constitutive
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Fig. 2 Variable static modulus of elasticity for rock material E = E(oy’)
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law with variable maximal sliding modulus (Fig. 3), by following geo-mechanical
parameters: Gpax = G(oy’), v=0.27, y = 23 kN/m3, DR = 0.05-0.25, ¢ = 38" and
¢ = 0.0 kN/m?. The applied dependence Guax = G(o,’) is adopted by using of
variation of small-strain Young modulus (Eo) with confining pressure (¢°3), obtained
in cyclic triaxial tests, (from Table 1, page 10). Available results from laboratory
tests: physical and mechanical properties of rock-fill material (Fig. 4) and using of
expressions: k, = 1-sing, where ¢ = 38°, v = ko/(1+ ko), Grmax = Edyn/ [2(1+ V)],
o’y = o’x/ko.

The plane model for dam Menta is discretized with finite element mesh, Fig. 5.

For determination of the internal static values (bending moments M, axial forces
N and transversal forces Q) in the asphaltic facing, it has been replaced with structural
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Fig. 3 Variable maximal sliding modulus for rock material Giax = G(oy’)

1

3.000.000 -

2500.000 1

g

Edyn,Gmax [kPa]
LY

2.000.000 - — - = Edyn(S'3)

— Gmax(S'y)

T

1.500.000 1

1.000.000 + -
500.000 __ //
] S§'3, S'y [kPa]
0 —t——t+t
0 500 1.000 1.500 2.000 2.500

~

T

~

Fig.4 Dynamic material parameters for the rock material, Eqyn (0 ‘3)—given (from Table 1, page 10)
and Gpax (o‘y)—estimated
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Fig. 5 Discretization of the medium with finite element mesh, nodes N = 1,444, elements E =
1,373, by application of non-linear model and joint elements for the asphaltic facing withd = 0.32 m

element with: moment of inertia I = 1.0%0.323/12 = 0.002731 m?, cross section
F = 1.0%0.32 = 0.32 m? and modulus of elasticity E = 150,000 kPa. The model for
structural analysis of the dam is discretized with finite element mesh, Fig. 6, where
as the dynamic analysis is conveyed by equivalent linear analysis (ELA) with the
following non-elastic dynamic parameters for the rock material, Figs. 7 and 8.

The applied approach in the present analysis for determination of the permanent
deformations during the seismic excitation, for any node within the fill dam, is the
method of “Dynamic Deformation Analysis” (DDA), which is successive non-linear
redistribution of the stresses [2]. By such method, for geo-medium discretized by
finite elements, are calculated deformations caused by forces in nodes, calculated by
the incremental stresses in the elements. Thus, by application of non-linear model,
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Fig. 6 Discretization of the medium with finite element mesh, nodes N = 1,384, elements E =
1,313, by application of equivalent linear law with structural element for the asphaltic facing with
h=032m
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Fig. 7 Reduction of the sliding modulus by rise of the tangential strains for the rock material by
application of equivalent linear analysis
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Fig. 8 Rise of the damping coefficient by rise of the tangential strains for the rock material by
application of equivalent linear law

for each time step of the dynamic response of the structure [3] is obtained new state
of the total stresses and pore pressure.

By the differences of the effective stresses in two successive time steps are obtained
incremental forces, resulting in deformations, in accordance with the chosen consti-
tutive law for dependence stress—strain. So, for each loading case during the dam’s
dynamic response are produced elastic and eventual plastic strains. If dynamic inertial
forces cause plastic strains, then in the geo-medium will occur permanent deforma-
tions. The permanent displacements, at any point in the dam and at end of the seismic
excitation, are cumulative sum of the plastic deformations.
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2 State at Full Reservoir

The initial state for first filling of the reservoir is the state after construction of the
dam, Figs. 9 and 10. The stress state after dam construction and state at first filling
of the reservoir is obtained using the program Sigma/W [2].

The state at first filling of the reservoir is modeled in 10 increments, by linear
rise of the water level in the reservoir from the upstream toe at elevation 1,375.53 m
asl, till elevation of normal water level at 1,424.5 m asl, apropos for water head of
1,424.5-1,375.53 = 48.97 m. For such stress state are displayed stresses (Figs. 11
and 12), distribution of the modulus of elasticity, Fig. 13, as well and incremental
displacements (Figs. 14 and 15).
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Fig. 9 Distribution of vertical effective stresses after dam construction, o’y = 1,461.3 kPa
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g. 10 Distribution of horizontal effective stresses after dam construction, 6, max = 540.78 kPa
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Fig. 11 Distribution of vertical effective stresses after reservoir filling, 0’y max = 1,492 kPa
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Fig. 12 Distribution of horizontal effective stresses after reservoir filling, 6’ max = 700.0 kPa
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Fig. 13 Distribution of modulus of elasticity after reservoir filling, Ep,ax = 150,000.0 kPa
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Fig. 15 Distribution of incremental horizontal displacements after reservoir filling, dX = 0.000,
+0.110 m

3 Fundamental (Eigen) Periods of the Dam

For determination of the fundamental periods for certain level of non-elastic response
of the fill dam is used dynamic excitation of synthetic harmony vibration by contin-
uous change of the frequencies apropos by evenly represented frequencies in the
interval f1-+-f2 = 0.4-+10.0 [Hz] or periods T1-+-T2 = 2.5=-0.1 [s]. Such harmonium
is with: two values of the maximal amplitude Ao = 0.05, 0.30 g, summary duration
St = 12 s, by the time increment in the accelegram dt = 0.01 s, Fig. 16. Response
spectrum of the excitation and response, spectral acceleration Sa [g] for damping
coefficient DR = 0.05, are displayed in Figs. 17 and 18 (for empty reservoir) and
Figs. 19 and 20 (for full reservoir). The dynamic response of the dam is determined
by use of the program Quake/W [3].
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SNl

Fig. 16 Time history of horizontal displacements of harmonic vibration by evenly represented
frequencies f1-+-f2 = 0.4+-10.0 [Hz], scaled by Ao = 0.05 g

X-Spectral Acceleration (g)

T
0 0.5 1 1.5 2

Period (sec)

Fig. 17 Response spectrum of absolute accelerations in the dam crest at empty reservoir, caused
by harmonic oscillation with low intensity PGA = 0.05 g, with first Eigen period T1 = 0.32 s

4 Response at Action of Friuli Earthquake 1976

The accelerogram of the horizontal and vertical component of the Friuli earthquake
1976 are displayed on Figs. 21 and 22.

Horizontal displacements in the dam crest at action of such earthquake are
displayed on Fig. 23, and the response spectra of the accelerations are displayed

on Fig. 24.
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Fig. 18 Response spectrum of absolute accelerations in the dam crest at empty reservoir, caused
by harmonic oscillation with high intensity PGA = 0.30 g, with first Eigen period T1 = 0.39 s
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Fig. 19 Response spectrum of absolute accelerations in the dam crest at full reservoir, caused by
harmonic oscillation with low intensity PGA = 0.05 g, with first Eigen period T1 = 0.31 s

Relative displacements at the dam crest at action of such earthquake are displayed
on Fig. 25.

Permanent horizontal and vertical displacements at the dam crest during action
of such earthquake are displayed on Figs. 26 and 27.

Permanent horizontal and vertical displacements at the dam axis after action of
such earthquake are displayed on Figs. 28 and 29. Maximal shear and volumetric
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Spectral response

X-Spectral Acceleration (g)
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Fig. 20 Response spectrum of absolute accelerations in the dam crest at full reservoir, caused by
harmonic oscillation with low intensity PGA = 0.30 g, with first Eigen period T1 = 0.37 s

Friuli 1976, HGN ax=0.2600,-0.2004g.acc

Acceleration (g)

Time (sec)

Fig. 21 Time history of horizontal component of the excitation in the rock foundation for Friuli
earthquake 1976, PGA =0.26 g

strains in the upstream slope of the dam, at asphaltic facing during the earthquake

are displayed on Figs. 30 and 31.
Permanent displacements in XY direction in the dam after action of such

earthquake are displayed in Fig. 32.
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Fig. 22 Time history of vertical component of the excitation in the rock foundation for Friuli
earthquake 1976
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Fig. 23 Time history of horizontal component of the response at dam crest at action of Friuli
earthquake 1976, PCE = 0.693 g

By application of equivalent linear model are obtained similar relative displace-
ments at dam crest (compared to nonlinear model), Fig. 33, and the value of the axial
forces in the asphaltic facing is displayed on Fig. 34.
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Fig. 24 Response spectra for accelerations in the foundation and at the dam crest at action of Friuli
earthquake 1976
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Fig. 25 Relative horizontal displacements at dam crest at action of Friuli earthquake 1976

5 Response at Action of Central Italy Earthquake 2016

Accelerograms of the horizontal and vertical component of Central Italy earthquake
2016 are displayed on Figs. 35 and 36.

Horizontal accelerations in the dam crest at action of such earthquake are displayed
on Fig. 37, and the response spectra of the accelerations are displayed on Fig. 38.
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Fig. 26 Permanent horizontal displacements at dam crest at action of Friuli earthquake 1976
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Fig. 27 Permanent vertical displacements at dam crest at action of Friuli earthquake 1976

Relative displacements at dam crest at action of such earthquake are displayed on
Fig. 39.

Permanent horizontal and vertical displacements at dam crest at action of such
earthquake are displayed on Figs. 40 and 41.

Permanent horizontal and vertical displacements at dam crest after action of such
earthquake are displayed on Figs. 42 and 43. Maximal shear and volumetric strains in
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Fig.28 Permanent horizontal displacements at dam crest axis after action of Friuli earthquake 1976,
X =0.363 m (downstream)
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Fig. 29 Permanent vertical displacements at dam crest axis after action of Friuli earthquake 1976,
Y = —0.334 m (settlement)

upstream slope of the dam, at asphaltic facing during such earthquake are displayed
on Figs. 44 and 45.

Permanent displacements in XY direction after action of such earthquake are
displayed on Fig. 46.
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Fig. 30 Maximal shear strains in upstream slope of the dam, at asphaltic facing during Friuli

earthquake 1976
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Fig. 31 Volumetric strains in upstream slope of the dam during Friuli earthquake 1976

By application of equivalent linear model (ELM) are obtained similar relative
displacements at dam crest (compared with nonlinear model NLM), Fig. 47, and the
value of the axial forces in the asphaltic facing is displayed on Fig. 48.
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Fig. 32 Permanent displacements in XY direction in the dam after action of Friuli earthquake 1976,

XY max = 0.580 m
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Fig. 33 Relative horizontal displacements at the dam crest at action of Friuli earthquake 1976, by

application of equivalent linear model (ELM)

6 Conclusions

Eigen periods of the dam are determined by the response spectrum excited by
harmonic vibration, by evenly represented frequencies of 0.4 to 10.0 Hz, scaled
by PGA of 0.05 g (low excitement—L) to 0.30 g (high excitement—H). For low
excitement (L), for initial state of stress at empty reservoir (E), first Eigen period is
TILE = 0.32 s, and for high excitement (H), is obtained TIHE = 0.39 s. In case of
higher excitement, the response of the fill dam is more nonlinear, the stiffness of the
rock material is decreased by increased non-elastic deformations, thus conditioning
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Fig. 34 Axial forces in the asphaltic facing at action of Friuli earthquake 1976, by application of
equivalent linear model (ELM), N = —181.3, 52.6 kN
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Fig. 35 Time history of horizontal component of the excitation in the rock foundation for Central
Italy earthquake 2016, scaled on 0.26 g

rise of the period of the basic tone [4]. For initial stress state at full reservoir (F), below
the hydrostatic pressure of the asphaltic facing the normal stresses are increased in
the upstream part of the dam. As result of the increased stiffness of the rock material,
for such state are obtained lower values for the basic tone (T1), apropos T1LF =
0.31 s and TIHF = 0.37 s. The values for the basic tone (T1), determined in the
analysis, matches with the measured value for dams exposed on strong earthquakes
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Fig. 36 Time history of vertical component of the excitation in the rock foundation for Central
Italy earthquake 2016, scaled on 0.26 g
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Fig. 37 Time history of the horizontal component of response at dam crest at action of Central
Italy earthquake 2016, PCE = 0.698 g

in Japan [5, 6], that is best verification for the properly adopted dynamic material
parameters for nonlinear dynamic analysis.

The values for Dynamic Amplification Factor DAF = PCA/PGA, where PGA is
Peak Ground Acceleration (in horizontal direction), and PCA is Peak Crest Accel-
eration (in horizontal direction) are: 0.693/0.26 = 2.67 in case of Friuli earthquake
1976 and 0.698/0.26 = 2.68 in case of Central Italy earthquake 2016. The response
at dam crest matches the registered data for the degree of dynamic amplification for
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Fig. 38 Response spectra of the accelerations in the foundation and at dam crest at action of Central
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Fig. 39 Relative horizontal displacements at dam crest at action of Central Italy earthquake 2016

such structures under action of strong earthquakes, [7], apropos is the key indicator
for the correctness of the dynamic analysis.

The permanent settlements at dam crest, caused by dynamic inertial forces for
the duration of the earthquake, determined by the method of Dynamic Deformation
Analysis, are Y = —0.334 m in case of Friuli earthquake 1976, and Y = —0.399 m in
case of Central Italy earthquake 2016. Independently that in the analysis are not taken
into account the settlements from additional compaction and decreased stiffness at
materials exposed on cyclic action, the total settlement can not overcome the height
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Fig. 40 Permanent horizontal displacements at dam crest at action of Central Italy earthquake
2016, X = 0.480 m
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Fig. 41 Permanent vertical displacements at dam crest at action of Central Italy earthquake 2016,
Y =-0399m

from dam crest (1431.75 m asl) till normal water elevation in the reservoir (1424.5 m
asl), apropos height of 7.25 m.

The increase in permeability only occurred as fissures opened for shear defor-
mations close to the failure level (strength) for the asphaltic facing. No significant
increase was detectable until about 80% of the strength was mobilized [8]. Under
moderate earthquake loading with PGA = 0.26 g, using the Friuli earthquake 1976
and Central Italy earthquake 2016, the induced deformations in dam body are small
(XY max ranges from 58.0 cm to 67.4 cm in the downstream slope of the dam), and
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Fig. 42 Permanent horizontal displacements at dam crest axis after action of Central Italy
earthquake 2016, at crest X = 0.480 m
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Fig. 43 Permanent vertical displacements at dam crest axis after action of Central Italy earthquake
2016, at crest Y = —0.399 m

the maximum shear strains in the asphalt facing are less than 1.5% and 1.8%, respec-
tively. In these ranges of deformations, according to the results of permeability tests,
the asphalt facing remains watertight. Therefore, it is expected that no damage will
occur at Menta dam during the seismic excitation. At the same time, by applica-
tion of equivalent linear analysis the asphaltic facing with thickness of 0.32 m is
approximated by structural element and axial forces during the seismic excitation
are calculated. By the dynamic response for both earthquakes is obtained maximal
tension force of 181.3 kN (182.6 kN) and compression force of 52.6 kN (67.3 kN),
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Fig. 44 Maximal shear strains in upstream slope of the dam at asphaltic facing during Central Italy
earthquake 2016
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Fig. 45 Volumetric strains in upstream slope of the dam at asphaltic facing during Central Italy
earthquake 2016

thus obtaining stresses much lower than the specific strength of the asphalt, such as
compression strength of fc = 1.46 GPa and tension strength of ft = 0.95 GPa.
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Fig.46 Permanentdisplacementsin XY direction in the dam after action of Central Italy earthquake
2016, XY max = 0.674 m
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Fig. 47 Relative horizontal displacements at the dam crest at action of Central Italy earthquake
2016, by application of equivalent linear model (ELM)

The key conclusion from the dynamic analysis if rock-fill dam Menta with

asphaltic facing is that the dam, by adopted geometry and material distribution,
possesses satisfactory seismic resistance. There is no case of disruption of the water
impermeability of the watertight element (asphaltic facing with thickness of 0.32 m),
nor there is danger of rapid and uncontrolled emptying of the artificial lake, because
by the calculated settlements for design earthquakes with PGA of 0.26 g the protection
height of 7.25 m is not exceeded.
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Fig.48 Axial forces in the asphaltic facing at action of Central Italy earthquake 2016, by application
of equivalent linear model (ELM), N = —182.6, 67.3 kN
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