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Some aspects of the seismic behaviour of a large
homogeneous earth dam

Luca Masini!, Sebastiano Rampello?, Luigi Callisto?

Abstract

Instability phenomena of large existing earth dams are one of the
major source of seismic vulnerability in Italy, as most of them were
constructed in the absence of specific seismic regulations. Therefore,
it Is necessary to investigate the response of such earth structures
when subjected to severe earthquake loading, estimating the safety
conditions with respect to deformation phenomena which can com-
promise the water retention capability.
This paper discusses some results of a study on the seismic behaviour
of a large homogeneous earth dam. Specifically, monitoring data tak-
en during construction and impounding of the dam were used to cali-
brate a plane-strain numerical model. Iterative pseudo-static analyses
were first conducted by uniformly accelerating the finite-difference
model to investigate the plastic mechanisms forming under critical
conditions. The seismic performance of the dam was then evaluated
through a series of dynamic analyses in which a real seismic record
was used as input motion. In the analyses, the effects of the bedrock
deformability and of the presence of the vertical component of the
seismic action were investigated.
The results of the dynamic analyses evidenced that a significant reduc-
tion of the seismic energy is obtained if the deformability of the bed-
rock is accounted for, resulting in much lower permanent displace-
ments of the embankment. Conversely, the vertical component of the
seismic action induces a sensible increase of the seismic displace-
ments, so that analyses conducted neglecting the vertical component
of the ground motion can lead to an unsafe evaluation of the water re-
tention capability.

1 “Sapienza” University of Rome, Italy.
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1. Model calibration

The seismic behaviour of large earth dams is strongly affected by

the inertial forces that develop during the ground motion, changing
with time and space. The distribution and evolution of these forces
depend on the mechanical properties of the embankment and the
foundation soil, the effective stress state induced by the construction
and impounding stages as well as on the geometry of the dam. The ef-
fects of an earthquakes onto an earth dam derive also from a possible
reduction in the shear strength of the dam body. This last phenomenon
may be caused by the positive excess pore pressure developing in the
saturated portion of the embankment in undrained conditions, and by
the degradation of strength parameters under cyclic loading.
This study focuses on the seismic behaviour of the Marana Capacciotti
dam, a large homogeneous earth dam located in Southern Italy
[1,2,3,4,5]. A numerical model was conceived for the dam adopting
some simplifying assumption about its geometry. This dam was se-
lected in that a comprehensive geotechnical characterisation of the
embankment and the foundation soil, as well as the monitoring data of
the construction and the impounding stages are available from a pre-
vious study [1].

Figure 1 shows the simplified cross section of the embankment that
was converted into a plane-strain numerical model. The dam has a
height H=50m, a width of 400 m and the slope of the flanks is
a = 14°. The drainage system consists of a sub-vertical central drain
and of a horizontal drain located at the toe of the downstream slope.
An impervious diaphragm extending into the lower firm soil prevents
seepage through the 15 m high alluvial deposit underlying the dam.
400 m

10mase _, extensometers

-

] ~ A1 A2

impervious

diaphragm
dam body ™~
alluvial sol | 5m]

stiff clay deposit
Figure 1. Simplified cross section of the dam and location of the extensometers

__drains 50 m

"1 a3, A7

45 m




Some aspects of the seismic behaviour of large homogeneous earth dams 277

Table 1. Mechanical soil properties

soil Y c' ¢ \"; ko k A B n v
(kNm® (kPa) () (® () (mls) (MPa) (MPa)

dam body 20.8 20 28 0 - 107 19.476 1573 0.75 0.30

foundation soil 20.6 7 32 0 15 10 19.476 2155 073 032

firm soil 20.6 - - - 15 10° 2060 0 - 0.32

The numerical analyses were carried out in terms of effective stresses
using the finite difference code FLAC v.5.0 [6]. The soil was mod-
elled as an elastic-perfectly plastic materials with Mohr-Coulomb’s
plasticity criterion and zero dilatancy. The strength and stiffness pa-
rameters of the soils were obtained from the geotechnical investiga-
tions carried out throughout the earth dam and in the foundation soils,
as comprehensively reported by Calabresi et al. [1]. Table 1 lists the
shear strength parameters obtained from standard consolidated un-
drained triaxial compression tests and drained direct shear tests. The
small-strain shear modulus Go was expressed as a function of the
mean effective stress p"

GO:A+B-£ P Jn (1)

Pref

where pref = 1 kPa is a reference pressure. Values of coefficients A, B,
and n were selected to match the measurements of Go obtained from
resonant column tests carried out on the undisturbed samples retrieved
from the dam body and the foundation soil. The stiff clay deposit
found underneath the alluvial layer was regarded as a bedrock charac-
terised by a shear wave velocity Vs = 1000 m/s, with constant values
of small-train shear modulus Go = 2060 MPa and bulk modulus
K =5026.4 MPa.

The numerical model was initialised by simulating the static construc-
tion of the dam, the impoundment stages and the unconfined seepage
through the embankment, to obtain a correct initial state of effective
stress prior to the dynamic calculation. This is needed to calculate the
Go distribution within the embankment and the foundation soil. The
staged construction of the dam, considered as a drained process, was
modelled by progressively activating 13 rows of zones about 4m
thick, while the impounding of the reservoir to the maximum storage
level of 45 m and the associated steady-state seepage flow through the
dam were simulated by raising the water level in three steps of 15 m
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each. The shear stiffness adopted for the static calculations was ob-
tained reducing the small-strain shear stiffness Go by a factor which
was calibrated to reproduce the settlement profiles observed during
the construction stages. Specifically, an operative shear modulus G
equal to 5% of Go was used for the dam body and the foundation soil,
while a much lower value equal to 0.5% of Go was used for the firm
soil. Such a large reduction was needed to reproduce the settlements
measured at the base of the dam after the end of construction, in that
the stiff clay deposit, here modelled as 2 a meters thick layer, has an
estimated thickness of about 300 m. At the end of each static phase,
the soil stiffness was updated according to Eq. (1) to be consistent
with the new effective stress state. Model calibration was checked us-
ing the settlements measured during dam construction via four exten-
someters installed at the centreline and in the downstream slope of the
dam, as shown in Figure 1. Figure 2 shows the settlement profiles of
the dam body relative to its base, measured along two vertical axes
through the crest of the dam (Al and A2 in Fig. 2a), and two vertical
axes located in the downstream slope (A3 and A7 in Fig. 2b), at a
stage when the dam was not yet completed (H = 34m) and at the end
of construction. The results of the numerical analysis, also plotted in
the figures, are in a fair agreement with the monitoring data. The in-
crease in settlements at the top of extensometers A3 and A7, observed
at the end of construction can be attributed to the construction of the
overlying portion of the dam.

2. Dynamic analyses
2.1. Free-field 1D seismic response analysis

The dynamic response of the numerical model was preliminarily
calibrated by comparing the results of free-field 1D FLAC simulations
with those obtained using the code MARTA v.1.1.06 [7], in which the
soil is modelled as an nonlinear viscous-elastic material. To this aim,
the seismic response of a 67 m height column of soil was studied, cor-
responding to the soil sequence at the dam centreline: from the top of
the column, the first 50 m thick layer is composed by the dam body
resting over the foundation soil, which consists of an alluvial deposit
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Figure 2. Observed and computed settlement profile.

15 m thick overlying the bedrock, modelled as an elastic layer with a
thickness of 2 m.

In the dynamic analyses, the cyclic behaviour of the dam body and the
foundation soil was described through the hysteretic damping model
Sigmoidal4, implemented in FLAC. This is an extension to two di-
mensions of the non-linear soil models that describe the unloading—
reloading stress—strain cycles using Masing’s rules. The model re-
quires the value of the small-strain shear stiffness Go and a backbone
curve. As discussed above, Go was expressed as a function of the
mean effective stress (Eq. 1), while the backbone curve was calibrated
to reproduce the modulus decay curves obtained from the resonant
column (RC) tests performed on undisturbed samples retrieved from
the embankment and the foundation soil. Figure 3 shows a comparison
between the prediction of the hysteretic model and the modulus decay
curves obtained from the RC tests on the samples retrieved from the
dam body. The equation proposed by Ishibashi and Zang [8] is also
plotted in the figure assuming a mean effective stress p' = 50 kPa and
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Figure 3. Comparison between RC tests results and model simulations.

a plasticity index Pl =0. Table 1 lists the values of the strength and
stiffness parameters adopted in the analyses.

A small amount of additional damping was introduced in the analyses
to attenuate the soil response at very small strains and to reduce spuri-
ous high-frequency noise. This was obtained by specifying a FLAC
frequency independent “local” damping ratio equal to 0.5%.

A real seismic record was used as input motion, selected from a set of
events compatible with the seismicity of the site [2]. Specifically, the
horizontal North-South and the vertical components of Tolmezzo rec-
ord (Friuli 1976 earthquake) were used. In the 2D-simulations, the ac-
celeration time histories were multiplied by a scaling factor F = 1.8 to
match the elastic response spectrum of the newly-released Italian
building code for dams [9], calculated for a return period Tr = 2475
years.

Table 2. Properties of the seismic input records

record Amax la Ts Tm

() (m/s) () )
Tolmezzo NS (F=1) 0.357 0.790 431 0.393
Tolmezzo V (F=1) 0.267 0.334 5.16 0.211

Tolmezzo NS (F=1.8) 0.642  2.561 431 0.393
Tolmezzo V (F=1.8) 0.480 1.084 5.16 0.211
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Figure 4. Elastic response spectra and acceleration time histories
of the input motion.

Some properties of the records are reported in Table 2, where amax is
the peak ground acceleration, la is the Arias intensity, Ts is the
significant duration and Tm is the mean quadratic period as defined by
Rathje et al. [11]. Figure 4 shows the elastic response spectra of the
original and the scaled horizontal components compared with the
building code spectrum, as well as the scaled acceleration time
histories of ax and ay.

The free-field seismic response analyses were carried out assuming
an elastic bedrock, by applying a time history of shear stress txy at the
base of the column:

Ty (1) =pVs - [a(t) 2

where p = 2.06 Mg/m?® and Vs = 1000 m/s are the bedrock density and
shear wave velocity, while Ia(t) is the velocity obtained by integrat-
ing the horizontal component of the acceleration time history. FLAC

“quiet” (viscous) boundary conditions were applied at the bottom of
the grid while free-field boundary conditions were activated to the lat-
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Figure 5. Results of free-field analyses.

eral sides. The small-strain shear stiffness was also activated at the
beginning of the dynamic analyses.

Figure 5 shows the results of FLAC 1D free-field analyses compared
with those obtained using the code MARTA. The adopted shear wave
velocity profile is shown in Figure 5a. Similar values of the maximum
horizontal acceleration axmax were computed with both methods, in
the bedrock and the foundation soil (Figure 5b), while lower values
were obtained in the dam body with the finite difference analysis, as
the hysteretic model predicts a somewhat larger damping for
v > 0.1 %. Figure 5¢ shows the elastic response spectra computed at
the base (h=0m), at about the middle (h=20m) and at the top
(h =50 m) of the dam body. The two methods are in a fair agreement
to each other though the FLAC analysis tends to emphasise the high
frequencies.
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2.2. 2D simulations

Before the dynamic analyses, a pseudo-static analysis was carried
out after completing the simulation of dam construction, in which a
uniform horizontal body force was applied: it was expressed as a frac-
tion kn of gravity. The value of the seismic coefficient k, was in-
creased progressively until convergence, evidenced by a steady reduc-
tion of the unbalanced forces, became no longer possible. Under this
circumstance, the numerical model exhibited a well-defined mecha-
nism, associated with a plastic flow of the soil. The seismic coefficient
kn that activates the mechanism is termed ‘critical’ and is indicated as
ke. It was found [10] that the solution does not depend on the stiffness
of the materials and therefore can be assumed to be a result of the
strength properties only. Therefore, the critical seismic coefficient kc
represents a measure of the global seismic resistance of the system,
Since the pseudo-static analyses were carried out up to critical condi-
tions, the values of the computed displacements are only conventional,
as they refer to a system that is accelerating due to the static activation
of a plastic mechanism.

Calculations were conducted for both directions of the horizontal
component of the inertial force kn-g, while the vertical component
were kept constant. The minimum value of the critical seismic coeffi-
cient, ke = 0.212, was obtained when the pseudo-static force is orient-
ed towards the upstream slope. Figure 6 shows the deformed mesh
computed for kn = ke. A plastic mechanism is activated from the top to
the toe of the embankment, on the upstream side, mainly consisting in
the rotation of the unstable soil mass.

Pseudo-static numerical analyses provide a first insight into the behav-
iour of the dam when subjected to intense seismic loading, capable of
mobilising temporarily the soil shear strength. However, they are not
able to take into account the transient nature of the earthquake action
with inertial forces and internal states that change with time.

Starting from the end-of-construction stage, time-domain dynamic
analyses were carried out by applying time-histories of the input mo-
tion to the bottom boundary of the same finite difference grid used for
the pseudo-static analyses. For these analyses, FLAC “quiet” viScous
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boundary conditions were activated to the lateral sides of the grid, and
soil stiffness was set equal to the small strain stiffness.

Figure 6. Pseudo static analysis, deformed mesh computed for kn = k.

Calculations were conducted for both the assumption of rigid and de-
formable bedrock. In the first case, time-histories of accelerations
were applied to the bottom boundary, while, in the last case, time-
histories of stresses were used. These were calculated using Eq. 2 for
the horizontal component, while the vertical component was ex-
pressed as:

Syy (1) =pVy - [a(t) (3)

where Vp is the compression wave velocity at the bedrock, assumed
equal to 2000 m/s. Both drained and undrained conditions were as-
sumed in calculations. A water bulk modulus Kw=1 GPa was as-
sumed in the undrained analyses. In this paper only the results of the
undrained analyses are shown. Specifically, four cases of analysis are
discussed in the following: in two of them a rigid bedrock was as-
sumed, neglecting (A) or considering (C) the vertical component of
the input motion; calculations were repeated assuming a compliant
elastic bedrock, in the absence (B) and the presence (D) of the vertical
component of the seismic action.

Figure 7a shows the profiles of axmax along the dam centre line. Near-
ly constant values were computed in the foundation soil while a de-
amplification is observed in the lower two-thirds of the embankment;
in the topmost third axmax increases to about twice the value obtained
at the base as a result of seismic waves converging to the top of the
dam.
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The smallest values of axmax Were obtained assuming a compliant bed-
rock and neglecting the vertical component of the seismic action (B),
while a 80% increment at the crest of the dam was calculated in the
case of a rigid bedrock (A), or the one of a compliant bedrock in the
presence of the vertical component of the input motion (D). Not sur-
prisingly, therefore, for case C, that involves assumptions of rigid bed-
rock and presence of ay, sensibly larger values of axmax Were comput-
ed both in the embankment and in the foundation soil.

Larger amplification effects were computed for the maximum values
of the vertical acceleration aymax (Figure 7b). In fact, assuming un-
drained conditions, the high bulk modulus of water, similar to that of
the bedrock, results in a response of the system which is globally more
rigid for compressive loadings, leading to a larger amplification of
both the acceleration components.

It is worth mentioning that although considerably high values of ax max
and aymax Were computed, they are attained only for very short time
intervals, and are usually associated to high frequencies and small en-
ergy contents.

8y max (9)
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Figure 7. Results of the 2D dynamic analyses.
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Figure 7c shows the maximum values of the horizontal (u) and of the
vertical (w) displacement computed in the dam body. They were ob-
tained in the upstream slope at about one-third of the dam height.
Negative values indicate horizontal displacements directed towards
the upstream slope and vertical displacements directed downwards. As
observed for the acceleration profiles, the maximum values of u and w
were calculated for case C (Umax = -0.62 m and Wmax = -0.56 m), while
for cases A, B and D a reduction of about 60% was observed for both
u and w. For a Tr = 2475 years earthquake, the maximum settlements
are always smaller than the available freeboard (2.6 m).

3. Conclusion

Monitoring data from an existing homogeneous earth dam have
been used to calibrate a two-dimensional numerical model. Specifical-
ly, a match was searched between the dam settlements measured dur-
ing construction and the computed values, to calibrate the model. The
seismic performance of the dam was then evaluated through a series
of dynamic analyses by applying an input motion compatible with the
design spectrum specified by the construction code (D.M. 26/06/2014
[9]) for a return period of 2475 years. The results evidenced that the
vertical component of the seismic action induces a sensible increase of
seismic displacements, with values of the maximum acceleration
about 2 to 3 times higher. This effect is decreased when a compliant
bedrock is accounted for in the analysis. In spite of the high accelera-
tions computed when considering the horizontal and vertical compo-
nents of input motion, plastic mechanisms are activated only tempo-
rarily and the maximum final settlements resulted always lower than
the available freeboard (2.6 m). Therefore, the dam is expected to per-
form satisfactorily in the presence of very intense seismic loadings.
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