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A B S T R A C T

The seismic safety assessment of zoned earth dams that have been in operation for several decades requires a 
preliminary evaluation of their pre-seismic behavior through the interpretation of monitoring data and labora
tory tests on construction materials, collected throughout the dam's service life. Once it is verified whether any 
factors have influenced the dam's performance and whether this behavior remains consistent with the original 
design expectations, the seismic response can be analyzed using either pseudo-dynamic (Newmark-based) or 
coupled elastoplastic continuum approaches. The most relevant damage mechanisms are those affecting 
watertightness. Zoned earth dams may develop seismic-induced fractures resulting from sliding through the core 
or from stress release associated with distributed deformation. Coupled analyses provide fundamental physical 
insight into the processes governing hydraulic fracturing under both seismic and post-seismic conditions, while 
pseudo-dynamic methods offer valuable information on potential sliding mechanisms and on whether failure 
surfaces are likely to propagate through the core. The integration of these two approaches enables a deeper 
understanding of core vulnerability and improves the overall reliability of seismic safety evaluations. This study 
explores these aspects through the analysis of the Conza Dam in Italy—a unique case where a major earthquake 
occurred during construction, and where comparative testing of original and recent materials revealed pro
gressive changes in properties over decades of operation. The combined application of pseudodynamic and 
coupled dynamic analyses to this case demonstrates their complementarity and effectiveness in predicting po
tential earthquake-induced damage.

1. Introduction

In the design of a new dam, preliminary geological investigations are 
essential for determining whether the structure can be built, identifying 
the optimal location along the watercourse, and selecting the most 
suitable dam type (Gao et al., 2023). For dams that have been in oper
ation for decades, geological investigations must be updated and, in 
principle, extended to include the dam body itself (Azadi et al., 2022). 
This is necessary because natural and man-made systems interact over 
time (often several decades), leading to physical and mechanical 
changes that must be assessed using integrated geological and 
geotechnical expertise. Both short and long-term deformation processes, 
particle migration, and various types of weathering induced trans
formations are typically observed in geological structures and must be 
addressed accordingly. To this end, the processing of monitoring data 
alongside laboratory and in-situ test results collected throughout the 
dam's lifespan is of primary importance (Pereira et al., 2018). This step, 
among other objectives, helps ascertain whether events impacting the 

dam have caused deviations in its behavior compared to the assumptions 
made during the design phase—deviations that must be carefully 
considered when assessing dam safety and performing related numerical 
modeling. Additionally, comparing past and recent laboratory and in- 
situ tests provides valuable insights into potential changes in the 
dam's operational behavior.

In zoned earth dams, for instance, material property alteration over 
time can result from deformation-consolidation and erosion phenomena 
(Choudhury et al., 2025; Deng et al., 2025). The former are caused by 
the embankment dead load on the foundation soil interacting with the 
dam body itself, and eventual strong-motion earthquakes occurred in 
proximity to the dam site (Beiranvand and Komasi, 2021). The erosion 
phenomena may consist of suffusion leading to hydraulic conductivity 
variation (Chen and Zhang, 2023), particle removal along soil-concrete 
interfaces subjected to concentrated seepage and erosion in core frac
tures that experience leakage (Deng et al., 2025). Hydraulically con
nected fractures throughout the core may arise from hydraulic 
fracturing or global instability phenomena (Sherard, 1986).
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In the seismic safety assessment of an old earth dam, these pre
liminary activities are indispensable (Chen et al., 2014; Wang et al., 
2021).

A zoned embankment with coarse-grained shells is typically not 
susceptible to global instability under static loading conditions, but it 
may experience sliding during seismic shaking, especially when ground 
acceleration exceeds 10% to 20% of gravitational acceleration (ICOLD, 
2002). Although global stability is usually restored after the earthquake, 
impounding can adversely affect the dam during the post-seismic phase 
if the seismic event generates sliding surfaces that intersect the core, 
potentially creating pathways for leakage and internal erosion. Core 
filters remain effective in tackling erosion as long as the sliding 
displacement does not excessively displace the filters, compromising 
their spatial continuity (Pagano et al., 2019).

According to Sherard (1986), hydraulic fracturing involves the 
wedge action of impounding pressure, which propagates a fracture 
throughout the core by overcoming the resistant action of the normal 
stress compressing the potential fracture path. Normal stress may drop 
due to stress transfer mechanisms from the core to the shells (arching). 
Arching, which arises from deformation when the shells are stiffer than 
the core, may be enhanced during any stage involving dam deformation, 
including earthquake and post-seismic consolidation (Sica and Pagano, 
2009).

Complete (advanced) analyses of an earth dam, based on coupled 
elastoplastic continuum models, provide all the physical quantities 
required to assess and verify the dam seismic and post-seismic safety 
conditions. Simulating static and seismic stages can also aid in inter
preting dam observations through back-analysis, offering an effective, 
data-driven calibration of model parameters, as emphasized by Sica 
et al. (2008). Complete analyses are particularly well suited for 
computing stress components that provide insights into hydraulic frac
turing susceptibility and permanent deformational patterns, which 
feature the overall level of dam damage. However, when performed 
using conventional procedures, these analyses, are less effective in 
capturing deformation mechanisms associated with shear strain locali
zation and the development of surface sliding.

On the other hand, the Newmark (1965) method and its derivatives 
are well-suited for analyzing sliding patterns (Papadimitriou et al., 
2014) and the stability of earth dams (Casablanca et al., 2022). Specif
ically, the results they provide indicate whether sliding surfaces could 
form across the core, the magnitude of sliding displacements, and how 
these aspects could affect filter functionality (Pagano et al., 2019). This 
information can serve as supporting or complementary data to enhance 
the interpretation of stress states and damage levels provided by com
plete analyses. By combining their respective strengths, complete ana
lyses and Newmark-based methods offer a more complete understanding 
of core vulnerabilities, thereby improving the overall reliability of the 
seismic safety assessment.

The paper reverses a long-standing paradigm in the analysis of zoned 
earth dams, which traditionally considers pseudo-dynamic approaches 
hierarchically below fully coupled dynamic analyses. It demonstrates, 
instead, that the two approaches, addressing different damage mecha
nisms, operate in synergy and provide complementary insights. The 
analysis of the Conza Dam, a zoned earth dam built in Southern Italy 
between the 1980s and 1990s, is adopted as a reference to illustrate this 
concept.

The case study in itself presents several original features. Its con
struction coincided with the 1980 Irpinia earthquake (Mw = 6.9), when 
the embankment had reached about one-third of its final height, 
providing the first documented evidence of a dam body damaged by an 
earthquake during construction and partly raised on a seismically 
deformed embankment, in a sequence intriguing in being interpreted 

empirically and numerically. Geological investigations documented a 
rare and interesting co-seismic settlement pattern, which extended 
across the entire dam site and required considerations about its role in 
the assessment of the dam's seismic behavior. Finally, the case study 
documents through comparison between old and recent tests on dam's 
materials how the seepage process modified material properties over 
decades of operation.

The paper analyses the seismic behavior of the Conza Dam under 
shaking scenarios based on indications provided by the current Italian 
technical standards - NTD14 (MIT, 2014) and NTC18 (MIT, 2018) - 
guidelines (DGD, 2019), and according to recent seismological studies. 
Preliminary, the case study is presented, based on monitoring data 
collected from the early construction stages up to recent years. These 
data include a comprehensive overview of the 1980 Irpinia earthquake's 
impact on the dam, well documented based on cross-arm measurements 
taken from various sections of the embankment. The illustration of the 
case study also considers a detailed discussion of the mechanical char
acterization of dam materials and the evolution of their properties over 
the past four decades. Coupled analyses are carried out to simulate in a 
unified manner, through a single predictive tool, the complex sequence 
of including the first phase of construction, the 1980 Irpinia earthquake, 
the second phase of dam construction, the consolidation under the ac
tion of impounding until steady state, and finally, the scenario earth
quakes. Finally, the paper discusses the results of both advanced 
analyses and Newmark-based methods, with emphasis on their syner
gistic application for interpreting seismic-induced damage mechanisms 
in zoned earth dams.

2. The Conza Dam

2.1. Geological and geotectonic context

The Conza Dam (Fig. 1a) is located on the Ofanto River, near the 
border between the Campania and Puglia regions, specifically in the 
Avellino Province, approximately 120 km east of Naples. It is one of the 
largest reservoirs in the southern Apennine range.

At the dam site, the marked predominance of clayey soils (Fig. 1b) 
has promoted the genesis of a broad valley basin, characterized by an 
overall gentle morphology with smooth and flared slopes.

The middle and lower valley flanks are generally gentle slopes, with 
a slight increase in degrees on the right-hand side of the river (southern 
slopes), due to the layers standing in a dip-slope configuration.

The outcropping soils in the dam area consist of a heterogeneous 
formation mainly composed of the so-called “Varicolored Clay”. Over 
this formation, in stratigraphic discontinuity, lie clastic deposits 
belonging to two distinct sedimentary cycles: one of Pliocene age, con
sisting of basal conglomerates and blue clays, and a second of Pleisto
cene age, composed of conglomerates, clays, and sands. Finally, alluvial 
deposits of the Ofanto River are recurrent, consisting of recent alluvium 
and terraced alluvium in multiple orders.

More specifically, the northern slope of the valley is characterized by 
the presence of a Pliocene clay formation, consisting of thinly bedded, 
homogeneous, blue-gray, fossiliferous clays, occasionally interbedded 
with sandy and polygenic conglomerate lenses (Fig. 2). Recent alluvial 
deposits are found along the Ofanto valley floor, whereas colluvial de
posits outcrop on the southern slopes, overlying a 
clayey–calcareous–arenaceous flysch.

The main tectonic regime of the area is predominantly extensional, 
characterized by normal faults with prevailing E–W-oriented fault 
planes that bound the region. The Ofanto Valley itself aligns with these 
principal tectonic trends.

The significant tectonic dislocation along these faults during the 
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Pleistocene age induced widespread settlements and consequent topo
graphic lowering of the area considered. The Ofanto valley thus corre
sponds to a tectonic depression that progressively acquired the 
morphological features of a valley under the effects of sequential tec
tonic dislocations.

2.2. General information about the dam

The Conza dam is a zoned earth dam with an internal clay core (see 
Fig. 2). The dam was constructed between 1979 and 1988 to create a 
reservoir with a capacity of 77.40 million cubic meters. Consistently 
with the geological description of the previous paragraph, the founda
tion subsoil consists of an over-consolidated clay deposit extending 
down to hundreds of meters, in some areas covered by alluvia. The 
maximum height of the dam is about 47 m, measured from the deepest 
core foundation level, which is situated directly atop the clay deposit. 
The core is a medium plasticity clay, while the shells are coarse-grained 
materials sourced from alluvial deposits. Shells are found either on top 
of the clay deposit or, sometimes, on the alluvial deposits where they are 
present. The material for the core filters is derived by removing the 
coarser gravel component from the alluvial material. The dam develops 

longitudinally along 880 m with a cross-section largely repeated along 
the embankment length, except for variations in thickness of the alluvial 
layer.

2.3. Dam history under static and seismic conditions

Fig. 3 illustrates the evolution of fill and impounding levels over 
time. Vertical dashed lines denote key episodes in the dam's history. 
Construction started on 7 August 1979, filling the trapezoidal excava
tion for the core foundation and placing the first layers of shells after 
removing the soil-vegetated cover, which was approximately 1 m thick.

Construction was suspended due to the 1980 Irpinia earthquake, 
whose epicentre was located close to the dam site. At that time, the 
shells had been raised to about 15 m (with the top reaching 420 m above 
sea level), while the core was 5 m lower than the shells. Two sections of 
the dam had not yet been built. One near the left abutment, was awaiting 
the rerouting of a railway crossing the dam footprint. The other, 120 m 
long, was located in the central part of the dam, where the watercourse 
had not yet been diverted.

The 1980 seismic event was 6.9 in Richter magnitude, with a total 
duration of about 80 s. Seismological studies conducted by Bernard and 

Fig. 1. – Location and view of the Conza lake from Google Earth (a), geological details at the dam site (b).

Fig. 2. Cross section of the Conza Dam.
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Zollo (1989) interpreted the global event as composed of three distinct 
sub-events partly overlapping. Consistent with the tectonic framework 
described in the previous paragraph, a sequence of NW–SE oriented 
faults was activated, resulting in strong ground shaking (as recorded at 
the nearby Calitri station) and causing widespread ground subsidence 
throughout the Ofanto Valley (Dello Russo et al., 2017). In Fig. 4, three 
time instances (t = 0 s, 20 s, and 40 s) represent the sequential activation 
of three distinct fault segments, parallel to one another and extending 
over approximately 40 km. The first sub-event propagated bi- 
directionally, while the other two were uni-directional. The dam was 
located 5 km from the epicentre and just a few hundred meters from the 
fault responsible for the third sub-event. It experienced visible defor
mation, which was quantified through topographic and cross-arm 
measurements taken shortly after the event (see § 2.5).

During the construction pause, the dam cross-section was redesigned 
according to the updated Italian Seismic Regulations (D.M., 1982), 
which increased the seismic hazard at the dam site. The new cross- 
section (see Fig. 2) was conceived 2 m higher, with reduced slope an
gles and a widened crest. Fill placement restarted in December 1983 and 
ended in July 1988. The first impounding began on October 1, 1992, 
marking the dam transition into operation. Since then, the dam has 
experienced repeated yearly fluctuations in the impounding level.

At the downstream toe of the embankment, a drainage trench in
tercepts reservoir water seeping through the dam to quantify seepage 
flows. In December 2000, a concrete sheet pile wall extending to the clay 

deposit was constructed downstream of the trench to prevent water from 
the downstream phreatic groundwater from infiltrating the trench.

2.4. Embankment and foundation materials

In 2019, three pairs of new boreholes were drilled in the middle 
section of the dam. One extends from the crest axis down to 40 m in the 
core. Another goes from the crest upstream edge through the upstream 
shell and part of the filter, reaching a total length of 30 m (Fig. 5a). The 
third develops from the first downstream bank, traverses the down
stream shell, and enters the shallow foundation soils for a total of 30 m 
(Fig. 5b). After stratigraphic identification and the extraction of undis
turbed samples, each borehole pair was then employed to conduct cross- 
hole tests.

The clay core consists of sandy silt with clay. Grain size tests, both 
recent and older (Fig. 6), showed consistent results across all fractions. 
However, the clay fraction was not detailed experimentally. In contrast, 
discrepancies were observed in the plasticity properties (Fig. 7). While 
older tests reported an average plasticity index of 20% and a liquid limit 
of 40%, recent tests showed a significant decrease to 5% and 30%, 
respectively.

The interpretation of Consolidated Isotropically Drained (CID) and 
Undrained (CIU) triaxial tests conducted on undisturbed samples yiel
ded the following mean values: 

Fig. 3. Evolution of fill-impounding levels and main episodes affecting the dam life.

Fig. 4. Acceleration time histories recorded at the Calitri station during the Irpinia event of November 23, 1980.
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• φ’ (friction angle) = 22.6◦

• c’ (effective cohesion) = 45.5 kPa
• cu (undrained cohesion) = 146.9 kPa

The hydraulic conductivity coefficient, estimated averaging results 
from oedometric tests, resulted equal to 2.9⋅10− 11 m/s.

The old filter material, classified as sand with gravel (Fig. 8), resulted 
in a much finer and more heterogeneous composition in recent tests, 
ranging from silt with sand and clay to gravelly-silty sand. Consistently, 
the old non-plastic soil turned into a medium plastic material, showing a 
plasticity index equal to 22.5%.

CID triaxial tests conducted on undisturbed samples yielded the 

following mean strength parameters: 

• φ’ = 23.1◦

• c’ = 43.5 kPa

The hydraulic conductivity coefficient, estimated from variable head 
permeability tests, averaged 6.4⋅10− 6 m/s.

In older tests, the shell material was characterized as silty sand with 
gravel. However, recent tests revealed significant modification, showing 
notably higher percentages of silt and sand fractions (Fig. 9). Direct 
shear tests conducted on large samples yielded the following mean 
strength parameters: 

• φ’ = 44◦

• c’ = 8.8 kPa

The hydraulic conductivity coefficient, estimated from variable head 
permeability tests, averaged 4.7⋅10− 6 m/s.

The foundation subsoil is an overconsolidated silty clay with medium 
plasticity. Grain size distribution and plasticity properties remained 
unchanged over the years. Strength parameters obtained from averaging 
all CID triaxial test results are: 

• φ’ = 19.7◦

• c’ = 55.6 kPa

The hydraulic conductivity coefficient, estimated from oedometric 
tests, averaged 2.2⋅10− 11 m/s.

The cross-hole tests indicate that the core shear wave velocities 

Fig. 5. Stratigraphy obtained from the new boreholes drilled in the upstream 
(a) and downstream (b) shell.

Fig. 6. Grain size distributions of the core material from old and recent tests.

Fig. 7. Index properties of the core material from old and recent tests, repre
sented on the Casagrande plasticity chart.

Fig. 8. Grain size distributions of the filter material from old and recent tests.
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(Fig. 10) range between 300 and 400 m/s in the first 10 m, decrease 
around 200 m/s between 10 and 25 m, and finally increase again slightly 
below 25 m. The higher velocity in the uppermost part can be attributed 
to the presence of a different material covering the core, made stiffer 
than the core by coarser fractions, and suction levels for elevations 
above the zero-pore-water-pressure line (Pagano et al., 2024). The 
reduction in velocity observed from the depth of 10 m down is induced 
by pore water pressure increases and likely stress transfer mechanisms 
from core to shells (core arching), both decreasing the mean effective 
stress levels and, consistently, core shear stiffness (Pagano et al., 2008).

In the upstream shell, the trend of shear wave velocity also decreases 
with depth due to the progressive changes in pore water pressures, at the 
highest positions above the water table occurring in the negative range 
(suction) and at deeper positions, below the water table, in the positive 
range.

Finally, velocities in the downstream shell are generally higher than 
those in the upstream shell, likely due to higher suction levels.

2.5. Monitoring data

The dam is equipped with instrumentation to acquire most of the 
physical quantities typically observed in zoned earth dams, such as in
ternal settlements (USBR cross-arms), topographic surface displace
ments, pore water pressures within the core (vibrating wire piezometric 
cells) and the subsoil (tube piezometers), total vertical stress (vibrating 
wire load cells), and seepage flows (downstream through a draining 
trench at the embankment toe). The monitoring setup (Fig. 11) is pri
marily focused on six cross-sections of the dam.

The paper presents only a limited subset of the available measure
ments, selected as representative of the overall dam behavior. The 
general aim is to determine, for the purpose of characterizing the seismic 
response, whether the dam exhibited normal and steady behavior under 
static conditions—free from anomalies—or whether structural weak
nesses are present that should be considered in predicting its perfor
mance. Part of these data has also been used as a reference for 
recalibrating the model parameters (see Section 5.1).

2.5.1. Settlements
For a comprehensive analysis of dam settlements over the extended 

lifespan of the Conza Dam, the following three figures are essential.
Fig. 12 plots the settlement profiles recorded at the cross-arms 

installed in Sections 2 and 3 (Fig. 11a) over a 40-year period.
Fig. 13 presents the settlement evolution at three markers of the 

same cross-arms, located at the Core Foundation (CF), Core Crest (CC), 
and Core Top at the time of the 1980 Earthquake (CTE). This Figure also 
displays the settlement evolution of the Downstream Shell Foundation 
(DSF), observed through cross-arm plates positioned at the shell-ground 
interface.

Finally, Fig. 14 displays the CF and CTE settlement profiles measured 

Fig. 10. Shear wave velocities in the core (central plot), upstream (left) and downstream (right) shell.

Fig. 9. Grain size distributions of the shell material measured in old and 
recent tests.
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Fig. 11. Monitoring devices installed in the Conza Dam: (a) plan view of the instrumented cross-sections with position of cross-arms (USBRi), plate cross-arms (APi), 
subsoil tube piezometers (Ci and Fi); (b) instrumented cross sections indicating position of piezometric cells, load cells and cross-arms.
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longitudinally by cross-arm markers across five of the six-instrumented 
sections. Settlements are calculated relative to a zero reference mea
surement, which corresponds to the first records taken just before the 
1980 earthquake. The distance between the CF and CTE patterns 
quantifies the seismic-induced embankment shortening.

From the beginning of embankment construction until the last record 
date before the earthquake, settlement profiles (Fig. 12) result in para
bolic shapes symmetrical to the fill mid-height, consistent with Marsal's 
theoretical curve (Marsal et al., 1950). The settlements at the Core 
Foundation (CF) are minimal. Occasionally, slight CF uplifts are 
observed (refer to Fig. 13 as well) as consequences of the non-uniform 
application of embankment dead load, determined by shells raised sys
tematically ahead of the core, and undrained reaction of the subsoil 
preserving volume invariance.

The subsequent period begins with the seismic event in 1980, fol
lowed by the 1980–1985 standby in construction and the 1985–1988 
work resumption until the dam completion.

A synoptic analysis of Figs. 12 to 14 reveals that the seismic-induced 
deformation is significant. Settlement profiles result shifted due to CF 
settlement and, at the same time, tilted because of fill shortening (these 
two components are also displayed separately in Fig. 12). The CF 

settlements are not uniform longitudinally (Fig. 14a), increasing to
wards the right abutment, while the embankment shortenings displayed 
as spread between the two curves result in almost constant, with a slight 
reduction observed in the middle due to the lower embankment level 
(and transmitted load) accommodating the fill lack at and near the river 
path. Maximum CF settlement is 40 cm, while maximum embankment 
shortening is 18 cm. The former value is consistent with ground settle
ments observed diffusely across the entire valley. Various technical and 
research works (e.g., Cotecchia et al., 1990; Dello Russo et al., 2017; Sica 
and Dello Russo, 2021) attribute these ground settlements to co-seismic 
dislocations activated by the extensional tectonics illustrated in § 2.1 
and, marginally, to compression of the clay deposit.

Settlements exhibit abrupt discontinuities in their evolution due to 
the earthquake (Fig. 13). The spread between DSF and CF at the earth
quake time approximately estimates the seismic-induced shortening of 
the alluvial deposit where present. It results negligible in all sections.

Deformation is negligible everywhere over the post-earthquake 
standby. Upon work resumption, settlement profiles bend downward 
as they reflect strains in the lower embankment zones larger than in the 
higher, being the lower additionally deformed by the earthquake. With 
increasing dead load, CF and DSF settle slightly, according to the trend 

Fig. 11. (continued).

Fig. 12. Settlement profiles measured at the core axis of (a) Section 2 and (b) Section 3.
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Fig. 13. Evolution of settlements measured at three selected cross-arm markers along the core axis and at the cross-arm plate installed in the downstream shell 
foundation; (a) Section 2, (b) Section 3.
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in place before the earthquake, while the fill experiences shortening.
Over the post-construction consolidation stage following dam 

completion and preceding first impounding, CF and DSF settlements 
remain negligible, while the fill shortens by about 10 cm (equivalent to 
0.2% of average vertical strain), emerging as further tilting of all pro
files. Deformation is primarily a consequence of core hydraulic re- 
equilibrium, stemming from excess pore water pressures raised during 
construction.

Throughout the long dam operation (from the first impounding until 
May 2022), the settlement trend progresses according to the previous 
pattern, with negligible CF and DSF increments and slight embankment 
shortenings, likely driven by secondary consolidation phenomena.

2.5.2. Total stresses
In zoned earth dams, total stresses are monitored to quantify core 

stress discharge. This originates from the stiffness contrast between the 
core and shells, which poses a risk of hydraulic fracturing. Typically, this 
monitoring involves tracking vertical stresses along horizontal lines 
crossing the core and shells, as was done for the dam in question. Fig. 15
illustrates the distribution of total stress displayed by four pressure de
vices crossing the core and shells in the lower zone of Section 2. The 

measurements refer to the period 1994–2022, following the completion 
of the dam impounding. Additionally, at the same cell elevation, the 
figure displays the distribution of nominal total stresses computed from 
the weight of the overburden material. Notably, all monitored values 
remain below the nominal levels, indicating a lack of vertical equilib
rium in considering a stress distribution linearly linking the experi
mental points. This is not surprising as total stress monitoring in soil 
systems faces challenges regarding representativeness and device 
disturbance (Pagano et al., 2006), affecting the reliability of the 
measured values.

Measurements in the core deviate more from nominal values than the 
shells, suggesting some core discharge. The measurements are generally 
stable over time, except at the upstream measurement point in the core, 
where stress tends to decrease over time.

2.5.3. Pore water pressures and seepage flows
A few pore water pressure measurements were taken around the time 

of the 1980 seismic event, using the piezometers installed in the allu
vium deposits. These measurements indicate that the Irpinia earthquake 
induced a few kPa increments in pore water pressure, an expression of a 
contractive reaction upon shearing of the foundation clay deposit. 
Continuous monitoring of pore water pressures was conducted later, 
between the beginning of the impounding stages in 1992 and 2018, 
when records were interrupted. Measurements were carried out in both 
the embankment and subsoil at Sections 2, 4, and 6 and in the subsoil 
only at Sections 3 and 5.

The observations display evolution and distribution consistent with 
dam reaction to impounding fluctuations. In the upstream shell, piezo
metric heads match impounding levels, indicating that the material has 

Fig. 14. Longitudinal settlements measured along the Core Foundation (CF) 
and the Core Top at the Earthquake time (CTE) at two different stages: (a) just 
after the earthquake and (b) at the end of construction (settlements are relative 
to a reference time just before the earthquake event).

Fig. 15. Total stresses measured in Section 2 at two different times.
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preserved over the years high hydraulic conductivity assuring a free- 
draining behavior.

In the core, measurement points located near the upstream edge also 
indicate, as in the shell, piezometric head matching the impounding 
levels (Fig. 16). In contrast, those positioned centrally and downstream 
show significantly lower values, consistently with a downstream- 
oriented seepage process. Pore water pressures measured in the down
stream foundation soils exhibit only slight positive fluctuations, with 
trends appearing not related to impounding fluctuations. Seepage flow 
measurements are regular and negligible, not exceeding 1.5 l/s.

3. Modeling the boundary value problem

3.1. Criteria for the selection of Interpretative–Predictive numerical 
models

Overall, the dam mechanical response derived from the empirical 
interpretation of monitoring data is consistent with that expected from 
simple behavioral models and appears free from specific anomalies. This 
implies that the assessment of seismic performance can be reliably 
conducted using predictive tools that capture the overall response of the 
dam body, assuming the absence of significant structural flaws and 
adopting modeling ingredients consistent with the phenomena evi
denced by the measurements.

In line with advanced international standards and guidelines, Italian 
dam regulations NTD14 (MIT, 2014) and NTC18 (MIT, 2018) require 
that seismic assessments be performed to evaluate the structural 
response of dams to site-specific earthquake scenarios. The verification 
must address key response mechanisms, including seismic-induced de
formations (e.g., freeboard loss and slope instability), generation of 
excess pore water pressure (liquefaction), and stress release within the 
core (hydraulic fracturing). Such assessments require quantifying strain 
and stress distributions, as well as the evolution of pore water pressure 
throughout the dam body and the underlying foundation soils that 
interact with the embankment. Estimating these quantities inherently 
involves solving a continuum boundary value problem.

For the Conza Dam, long-term monitoring data — including obser
vations from the 1980 Irpinia earthquake — clearly indicate that the 
dam experienced permanent deformations under static loads and their 
combined action with seismic shaking. These deformation patterns were 
not indicative of global sliding, but rather associated with widespread 
plastic strains within the embankment body. Monitoring data also 

revealed that deformation processes in zones composed of fine-grained 
materials were delayed due to transient hydraulic re-equilibration 
phenomena. Furthermore, a significant portion of the dam embank
ment experienced loading under unsaturated conditions, where both 
stiffness and strength were affected by suction levels, as revealed by field 
tests. These observations collectively underscore the need to adopt a 
coupled three-phase dynamic model implementing elastoplastic consti
tutive relationships as an interpretative and predictive tool. Geological 
and geotectonic investigations at the dam site also played a pivotal role 
in guiding numerical modeling choices. First, they helped define the 
extent of the soil domain—specifically the varicolored clay depos
it—beneath the dam body, which could influence the alteration of the 
seismic signal as it travels upward from the bedrock to the embankment 
base. Second, these investigations indicated that the observed seismic- 
induced settlements at ground level were related to tectonic kine
matics and only marginally caused by deformation of the clay layer and 
therefore should be excluded from numerical reproduction during the 
back-analysis phase of parameter calibration. Moreover, co-seismic 
tectonic kinematics, as they produce comparable settlements in both 
the dam body and the reservoir bottom while leaving the dam freeboard 
unchanged, are not expected to have any significant impact on the 
overall safety of the dam.

As discussed in the Introduction, the advanced numerical model has 
been complemented by a pseudo-dynamic, Newmark-type, analysis, 
intended to provide an estimate of displacements along potential sliding 
surfaces. This auxiliary method circumvents numerical ambiguities that 
may arise in fully elastoplastic simulations—particularly under strain 
localization—and provides displacement estimates grounded in empir
ical and theoretical frameworks well-established in engineering 
practice.

The subsequent sections first present the pseudo-dynamic analysis 
tool, followed by the advanced numerical model.

3.2. Pseudo-dynamic model

The pseudo-dynamic approach employed in this study utilizes a 
Newmark-derived method, as the accelerogram signal adopted to 
compute the sliding-block displacement (where the block represents the 
unstable mass W(S) sliding along a surface S) is the average (or equiv
alent) acceleration, aeq(t), acting on the unstable mass. This average 
acceleration was computed from an equivalent linear-viscoelastic anal
ysis of the entire dam-foundation domain (Fig. 17), with the base 

Fig. 16. Pore water pressures measured in the core by four piezometric cells (CP) positioned at mid-height of Section 2.
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subjected to the deconvolved input signals.
Processing the equivalent acceleration along the sliding surface, 

rather than the signal acting at the embankment base, accounts for the 
effects of dam deformability and damping on seismic wave propagation 
within the dam. This includes phenomena such as upward signal 
amplification or attenuation, as well as out-of-phase motion among 
different locations within the dam (Bilotta et al., 2010).

Dynamic analyses were done using the finite element code Quake/W 
(GeoStudio, 2003), which yields at each time the complete stress dis
tribution, σ’ ij-tot(t), as the sum of the static part, σ’ ij-st, and the dynamic, 
σ’ ij-dyn(t), alteration induced by the earthquake.The σ’ ij-dyn(t) compo
nent, only having the potential of causing permanent displacement, can 
be extracted from the complete stress distribution as net of the static 
stress quantified in advance by analyzing the dam subjected only to 
static loading conditions (σ’ ij-dyn(t) = [σ’ ij-tot(t)-σ’ ij-st]. The shear 
component of σ’ ij-dyn(t) along S, σs-dyn (t), if integrated along S, yields 
the force, Tdyn(t), driving sliding along S. Dividing Tdyn(t) by W(S) and 
multiplying this ratio by the gravity acceleration, results into the 
equivalent acceleration, aeq(t). At each time step, aeq(t) is related to a 
global instability safety factor, FoS(t), which is quantified assuming a 
normal stress distribution along S at the beginning of the shaking stage. 
Since the normal stress during the shaking is not updated, the dynamic 
increment results entirely applied to the water phase. When FoS equals 
1, the critical acceleration, aeq-cr, required to compute the permanent 
displacement using the Newmark procedure, is obtained. The sliding 
displacement direction aligns with the mean inclination of the S surface.

For each dam zone, values of G0 were quantified at the mean value of 
the cross-hole velocity distribution measured across the zone (see 
Fig. 10). The decay of G/G0 with increasing shear strain was defined 
based on the results of cyclic-triaxial and cyclic-simple-shear tests con
ducted for core and shell materials, respectively. Parameters of the clay 
material constituting the subsoil were quantified based on literature 
references (Vucetic and Dobry, 1991). The soil parameters adopted are 
summarized in Table 1.

The stresses under static, σ'ij-st, and seismic, σ’ ij-tot(t), conditions 
were estimated by analyzing the domain of Fig. 17. Before the dynamic 
analysis, the static effective stress was computed by applying the dead 
load and, separately, estimating the distribution of pore water pressures. 
Pore water pressures were computed assuming full impounding at 
steady-state (Fig. 18), consistently with trends in pore water pressure 
observations, highlighting that operational stages go through a sequence 
of fluctuating steady-state conditions. It is worth noticing that the 

increase in the finest fraction experienced by the downstream shell over 
decades, caused a reduction in its hydraulic conductivity and deter
mined the zero-pore-water-pressure line throughout the shell rising a 
few meters above the dam foundation level.

3.3. Complete model

The complete dynamic model is based on the set of governing 
equations modeling the three-phase coupled dynamic approach 
(Costigliola et al., 2022). The finite element solution is performed by the 
code PLAXIS 2D (Brinkgreve et al., 2016). Equations consist of: 

− local dynamic equilibrium: 

LT(σ́ +mSepw)+ ρg = ρü 

where 

LT = differential operator =
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σ́=effective stress vector 

ρ = soil density = (1 − n)ρs + nSρw 

n = soil porosity, 

ρs = density of soil particles;

S = degree of saturation; ρw = water density 

g = vector of gravity acceleration = (0, − g,0)T
;

ü = (u, v,w)
T solid phase acceleration. 

− compatibility equations:

dε = L du (a.2) 

where:
ε = strain vector;
u is vector of displacement. 

− water dynamic equilibrium:

q = kint
(
∇uw + ρwg

)
(a.3) 

kint =

⎡
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(a.4) 

Fig. 17. Discretized geometry of the model used in the equivalent 
linear analysis.

Table 1 
Physical and mechanical parameters assigned to the Conza Dam soils (the Clay_i materials corresponds to different layers of the clay deposit as shown in Fig. 19).

Clay_1 Clay_2 Clay_3 Clay_4 Clay_5 Filter Shell Core

Foundation clay

γunsat [kN/m3] 20.10 20.10 20.10 20.10 20.10 18.80 18.20 19.70
c’ [kPa] 55.6 55.60 55.60 55.60 55.60 43.50 8.80 45.50
ϕ’ [◦] 19.7 19.70 19.70 19.70 19.70 23.10 44.00 22.60
ksat [m/s] 2.02E-11 2.20E-11 2.20E-11 2.20E-11 2.20E-11 6.40E-6 4.70E-6 2.90E-11
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κi = hydraulic conductivity coefficient along the i-direction 

i = x, y, z 

ki = krel ksat
i i = x, y, z 

ksat
i = hydraulic conductivity coefficient at full saturation along the i-direction 

ksat
i = ρw g

κi− intr

μ i = x, y, z (a.5) 

kt
i− intr = intrinsic hydraulic conductivity along the i-direction 

krel = ratio between hydraulic conductivity at S and at full saturation 

uw=pore water pressure. 

− water continuity equation under dynamic conditions:

S mT∂ε
∂t

− n
(

S
Kw

−
∂S
∂pw

)
∂pw

∂t
+∇T

[
krel

ρwg
ksat

(
∇pw + ρwg − ρwü

)]

= 0 (a.6) 

S = degree of saturation.
The water retention and the hydraulic conductivity functions are 

expressed according to the Van Genuchten (1980) relationships.
The Hardening-Soil-with-small-strain-stiffness (HS-small) constitu

tive model, initially formulated by Benz (2006) and subsequently 
refined by Brinkgreve et al. (2007) and Benz et al. (2009), has been 
adopted for characterizing the mechanical response of soil zones within 
the dam system. Rooted in the approach of the original standard version 
established by Schanz (1999) in the original HS-Standard model, the HS- 
small constitutive model adeptly captures essential macroscopic soil 
phenomena, including stress-dependent stiffness, overconsolidation, 
plastic yielding, and dilatancy. These phenomena are thoroughly 

incorporated within the framework of isotropic-volumetric and 
isotropic-deviatoric hardening plasticity. The refinements Benz et al. 
(2009) introduced significantly enhance the model predictive capabil
ities, particularly in the elastic small strain domain. Noteworthy en
hancements include incorporating strain-dependent decay of shear 
stiffness and hysteretic behavior.

The analyses were performed on the discretized geometry displayed 
in Fig. 19, corresponding to the same analysis domain (Fig. 17) 
employed in the equivalent linear analysis preceding the Newmark 
sliding-block simulations.

Based on experimental evidence regarding shell materials, which 
currently contain high percentages of fine materials and a hydraulic 
conductivity coefficient of around 10− 6 m/s, the conventional assump
tion of shell free-draining behavior under dynamic loads — leading to a 
predetermined quantification of pore water pressure distribution and 
enabling a one-phase approach — was excluded. The coupled dynamic 
approach was subsequently applied to the shells as well.

The simulation of the construction stage entailed activating hori
zontal layers with an evolution resembling the actual progression of the 
dam fill level. Initially, the analysis incrementally raised the dam fill 
level until it reached the embankment level at the Irpinia earthquake in 
1980 (approximately 20 m). Subsequently, the analysis processed the 
seismic event of the Irpinia earthquake. Following this, the analysis 
resumed the static layered construction until the dam embankment 
reached completion. The simulation of the static stages ended with 
applying the boundary conditions consistent with full impounding until 
attaining steady-state seepage. The analysis of all past stages experi
enced by the dam (first construction, 1980 earthquake, second con
struction, impounding) established the initial conditions for stresses and 
state variables, which served as a basis for subsequent seismic analyses 
with earthquake scenarios aligned with the limit states required for dam 
safety assessment.

For the Collapse Limit State (CLS) considered herein, seven 
spectrum-compatible input signals were used as detailed hereinafter.

Fig. 18. Steady-state pore water pressure distribution under full impounding of the reservoir.

Fig. 19. Discretized geometry of the dam adopted for coupled dynamic analyses.
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4. Input signals

In the seismic assessment of dams using performance-based ap
proaches, input signals for each assessment limit state (i.e., Damage 
Limit State, DLS, or Collapse Limit State, CLS) must be selected from 
national or international databases, unless simulated using a physics- 
based deterministic approach. In the first case, the selected signals 
must ensure spectral compatibility with the target spectrum in both 
horizontal and vertical directions, while also respecting the seismogenic 
characteristics of the dam site and limiting the scaling factor of the 
reference acceleration at the site relative to the recorded value. The 
Italian technical code NTC18 (MIT, 2018) defines the reference accel
eration at the dam site, PGAr, as a function of site geographical co
ordinates and the return period (Tr) of the seismic scenario considered. 
Together, it provides the reference acceleration spectrum, Sa(T)r, to 
which the selected seismic signals (i.e., their average acceleration 
spectrum) over a significant range of periods must conform.

If the Conza dam performance against the Collapse Limit State (CLS) 
is considered, the return period, TCLS, is equal to 1950 years, and the 
corresponding horizontal PGAr on a rock outcrop at the dam site is 
0.476 g.

During such a severe earthquake scenario, the dam natural period 
varies between a minimum (Tmin) and a maximum (Tmax), depending on 
the strain level mobilized in the soil. At the beginning of seismic shaking 
or during weak-motion stages, the system's dynamics is governed by the 
small-strain shear stiffness distribution, G0. In this case, the dam natural 
period is at its minimum, Tmin. As the shaking intensity increases, the 
mobilized shear strain also increases, leading to a decrease in shear 
stiffness. As a result, the dam natural period tends to increase until it 
reaches its maximum value, Tmax.

To define the range of periods for which spectrum compatibility must 
be ensured, the value of Tmin should first be determined. Assuming that 
Tmax is three times Tmin, the corresponding Tmax can then be identified, 
as will be detailed later.

The natural periods of the Conza Dam embankment in the linear 
elastic regime (i.e., at small strains) are equal to T0H,e = 0.422 s in the 
horizontal and T0V,e = 0.281 s in the vertical direction. These values 
were obtained by processing the measured values of Vs (G0) in Fig. 10
through a time-domain dynamic analysis using a white noise as the input 
signal. The natural periods were then determined by calculating the 
ratio between the Fourier spectra of the accelerometer signals recorded 
at the crest and the base of the dam along the embankment centreline 
axis in the model of Fig. 19. It was assumed Tmin equal to T0V,e = 0.281 s 
and Tmax = 3Tmin ≈ 0.9 s.

Based on seismological studies, the accelerometric records used in 
the simplified and advanced dynamic analyses were selected from the 
PEER (Pacific Earthquake Engineering Research center) Ground Motion 
Database. The spectrum-compatibility was imposed in the identified 
period interval 0.3 s–0.9 s with a Uniform Hazard Spectrum (UHS) ob
tained from the seismic hazard analysis, as it is more conservative than 
the spectrum normally provided by the NTC18. Table 2 shows the most 
significant parameters of the input signals of the selected events, such as 
magnitude, epicentral distance, peak acceleration of the two compo
nents, mean periods (Tm), Arias Intensity (AI) and significant duration 

(D5–95). The Vs₃₀ values associated with the recording stations on rock 
outcrop ranged between 816 m/s and 1222 m/s. It is worth noting that, 
in order to achieve spectrum compatibility on the average of the seven 
selected input signals, recordings from more distant stations were also 
included in the dataset due to the limited availability of rock outcrop 
records under near-source conditions.

Before modeling the seismic stages, the accelerometric signals, ob
tained from rock outcrop recordings, were deconvoluted at a depth of 
120 m, where the bottom boundary of the f.e. analysis domain was 
imposed (Figs. 17 and 19).

5. Analysis results

In reference to the CLS assessment under full impounding, the pre
dictions from the pseudo-dynamic simulations (§3.2) yielded a damage 
level merely identified with the sliding displacement along the sliding 
surface S crossing the dam. The predictions from the complete analyses 
(§3.3) initially focused on the construction stages to achieve the best 
consistency between computed and observed settlements. The iterative 
back-analysis procedure required parameter recalibration, which was 
then used to predict dam response against the CLS earthquake scenario.

5.1. Complete model

The initial set of model parameters was defined based on laboratory 
and in situ test results. Settlements predicted from the first simulation of 
the construction stages were used to reproduce the dam construction 
history, including the 1980 Irpinia earthquake event (the signal recor
ded at the Calitri station was adopted due to its similar distance and 
position relative to the 1980 Irpinia fault, as detailed in Dello Russo 
et al., 2017).

The computed settlements were then compared with the corre
sponding observed values measured along the core axis (Section 3), 
which served as a reference for validating the model calibration and 
assessing its ability to replicate the observed deformation behavior. Only 
the construction stage was used to re-calibrate parameters, as this ex
hibits a well-defined deformation patterns under both static and dy
namic loading conditions (e.g., the 1980 Irpinia earthquake).

While the computed settlements initially showed good agreement 
with the observed data, subsequent predictions were refined through 
slight adjustments to parameters such as E50, Eoed, and Eur, thereby 
improving the data fit (see Table 3). The results (Fig. 20) indicate that 
the model captures the complex deformation pattern induced by the 
sequence of dead load and the Irpinia earthquake stage. Specifically, it 
accounts for changes in the settlement profile, from symmetrical to 
upwardly distorted shapes, as a result of the seismic deformation 
induced during construction by the 1980 earthquake.

The seismic assessment under the spectrum-compatible scenario 
earthquakes according to (MIT, 2018) requires that the most unfavor
able operational conditions be assumed as pre-seismic states, corre
sponding to reservoir impounding inducing steady-state seepage. Full 
impounding was therefore simulated after dam completion to reproduce 
a long-term consolidation process leading to the final steady-state con
dition. The actual sequence of water level fluctuations experienced by 

Table 2 
Characteristics of the input signals selected on rock outcrop for the CLS scenario.

ID Event Mw Epic.Dist. (km) aH,max 

(g)
aV,max 

(g)
Tm_H 

(Hz)
Tm_V 

(Hz)
Tm_H/ 
T0H,e,diga

Tm_V/ 
T0V,e,diga

AI_H 

(cm/s)
AI_V 

(cm/s)
D5–95_H 

(s)
D5–95_H 

(s)

#680 Whittier Narrows-01 5.99 6.78 0.459 0.537 0.445 0.310 1.05 1.10 147.2 126.9 3.41 6.73
#788 Loma Prieta 6.93 72.90 0.584 0.236 0.682 0.576 1.62 2.05 234.8 60.3 12.13 22.55
#797 Loma Prieta 6.93 74.04 0.549 0.180 0.680 0.782 1.61 2.78 270.0 66.2 14.17 18.09
#804 Loma Prieta 6.93 63.03 0.389 0.138 0.598 0.645 1.42 2.30 244.9 28.9 12.08 15.56
#1011 Northridge-01 6.69 15.11 0.528 0.203 0.315 0.283 0.75 1.01 387.9 32.5 8.71 9.53
#1432 Chi-Chi_Taiwan 7.62 116.64 0.624 0.181 0.968 0.829 2.29 2.95 340.2 112.7 26.42 34.48
#1587 Chi-Chi_Taiwan 7.62 62.11 0.408 0.126 0.563 0.823 1.33 2.93 483.0 83.0 34.13 43.16
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the dam was neglected, and the monitoring data collected over the three 
decades following the 1980 Irpinia earthquake were not used for further 
calibration of the model, also considering that the minor deformation 
patterns observed were considered unsuitable for this purpose. Fig. 21
shows, as an example, the seismic-induced displacements at the dam 
crest for 4 of the seven pairs (horizontal + vertical) of seismic signals 
used, specifically the 4 most severe ones (#788, #797, #1432 e #1587), 
starting from the pre-seismic conditions yielded by the static stage 
simulation. Vertical (uy(H+V)) and horizontal (ux(H+V)) displacements 
were first computed by processing the signals as delivered by seismo
logical study (Case A). In two further analysis sets, vertical displace
ments were computed assuming the vertical acceleration either reversed 
(uy(H-V) for Case B) or eliminated (uy(H) for Case C). It can be noted that 
in all cases they mostly overlap.

The final permanent settlement cumulates entirely at a time (t*) 
preceding the end of the shaking stage (tf) for almost all signals. The 
maximum permanent settlement computed at the crest is equal to 47 cm 
for signal #1432. The average settlement on the seven input signals is 
equal to 27 cm.

Horizontal displacements result in permanent values around zero or 
downstream directed at the end of the dynamic stage, with a maximum 
value of 35 cm for signal #1432.

For signals #1432 and #1587, which yielded the most significant 
permanent settlements, Fig. 22 compares full- against empty-reservoir 
conditions. It shows how the presence of impounding at a steady state 
significantly increases permanent settlements by about 50% (47 cm 
against 31 cm for signal #1432 and 33 cm against 21 cm for signal 
#1587).

Fig. 23 illustrates typical deformed shapes of the dam body 
computed at the end of the shaking stage for the input signal # 1432, 
under both full impounding and empty conditions. Specifically, the 
pattern appears symmetrical under empty conditions, while it tilts up
stream with higher permanent displacements when the reservoir is filled 
with water.

As initially highlighted in Sica and Pagano (2009) and subsequent 
studies aimed at correlating earthquake intensity measures with dam 
performance and induced damage levels (Nardo et al., 2024), the 
maximum predicted permanent settlements at the dam crest show a 
strong correlation with the Arias Intensity of the horizontal input ac
celeration for all processed signals (Fig. 24a), i.e. the vertical displace
ments generally increase for increasing values of the Arias intensity of 
the input motion. Five out of the seven signals produce settlement data 
points closely aligned along a linear trend, while the remaining two 
generate points significantly below the trend established by the major
ity. With reference to two combined seismic parameters that can reliably 
predict the crest settlement proposed by Nardo et al. (2024), namely IF 
(referred to as weighted total power and given by IF = IA⋅Tm) and ID 
(referred to as damage intensity, given by IA⋅Tm/PGV0.5), it can be 
noticed that the dispersion related to signals #1011 and #1587 de
creases (Figs. 24b and c) and in particular the trend becomes more linear 
for the IF parameter (coefficient of determination R2 = 0.91), which 
takes into account the frequency content of the signal.

According to Sherard (1986), susceptibility to hydraulic fracturing 
occurs when the ratio RHF, defined as the ratio between the minimum 
principal total stress, σ3, and impounding pressure, pw, reaches unity. 
Fig. 25 shows the RHF profiles along the core axis, computed at the end of 
the static stage (pre-seismic conditions) and at the end of the seismic 
stages. The RHF values, which are quite low in the pre-seismic stage, are 
further reduced by the seismic deformation pattern, though they always 
remain above the unity threshold.

Finally, to assess the dam's safety against liquefaction, the evolution 
of pore pressures was monitored at various control points within the 
dam body—specifically in the upstream shoulder, the core, and the 
foundation soil beneath the core—during the seismic loading phase. 
Along a vertical axis passing through the core, it was observed that 
control points situated at lower elevations and closer to the dam base 
tended to develop positive excess pore pressures. Liquefaction safety 
was evaluated using the liquefaction factor ru, defined as the ratio be
tween the excess pore pressure at the end of the seismic event and the 
initial effective vertical stress (ru = Δu / σ'v₀). The ru values computed at 
selected control points in the Conza Dam ranged from 0.12 to 0.41, 
remaining well below the critical threshold (ru = 1) associated with the 
onset of liquefaction.

Table 3 
Physical and mechanical parameters of the HS-small model assigned to dam soils (the Clay_i materials corresponds to different layers of the clay deposit).

Clay_1 Clay_2 Clay_3 Clay_4 Clay_5 Filter Shell Core

Foundation clay

γsat [kN/m3] 21.05 21.05 21.05 21.05 21.05 20.00 20.50 20.10
γunsat [kN/m3] 20.10 20.10 20.10 20.10 20.10 18.80 18.20 19.70
einit 0.53 0.53 0.53 0.53 0.53 0.69 0.55 0.55
c’ [kPa] 55.6 55.60 55.60 55.60 55.60 43.50 8.80 45.50
ϕ’ [◦] 19.7 19.70 19.70 19.70 19.70 23.10 44.00 22.60
ψ [◦] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ν 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.20
k0

nc 0.66 0.66 0.66 0.66 0.66 0.61 0.31 0.62
E50

ref [MPa] 25.00 25.00 125.00 125.00 187.50 10.63 12.50 6.25
Eoed

ref [MPa] 20.00 20.00 100.00 100.00 150.00 8.50 10.00 5.00
Eur

ref [MPa] 75.00 75.00 375.00 375.00 562.50 31.88 37.50 18.75
m 0.50 0.50 0.50 0.50 0.5 0.50 0.50 0.50
G0

ref [MPa] 210.30 269.00 929.40 1.490E3 1.662E3 154.10 235.30 60.00
γ0.7 0.15E-3 0.15E-3 0.15E-3 0.15E-3 0.15E-3 0.70E-3 0.35E-3 0.70E-3
ksat [m/s] 2.02E-11 2.20E-11 2.20E-11 2.20E-11 2.20E-11 6.40E-6 4.70E-6 2.90E-11

Fig. 20. Measured vs computed settlement profiles in Section 3.
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5.2. Pseudo-dynamic model

Fig. 26 shows the geometry of four sliding surfaces identified to cross 
the dam embankment and the shallower foundation soils. In the up
stream shell, surface Am has been selected as it produces the highest 
sliding displacement across the dam section. Surface Bv, which emerges 
on the upstream shell surface, crosses the core near its base and emerges 

downstream the dam toe, has been chosen because it exhibits the 
greatest displacement among those surfaces that, under full impounding 
at steady state, cross entirely the core below the zero-pore-water- 
pressure line, moving downstream. The remaining two surfaces in 
Fig. 26 represent the counterparts of Am and Bv in the opposite slope, 
indicated as Av and Bm, respectively.

Under full impounding conditions (Fig. 27), the reference analysis 

Fig. 21. Input acceleration signals (horizontal, ax, and vertical, ay, components) and displacements induced at the dam crest. Specifically, ux(H+V)) and uy(H+V)) 
represent the horizontal and vertical displacements computed using both components of the input motion, while uy(H-V) and uy(H-V) are the vertical displacements 
computed by reversing or eliminating the vertical input acceleration, respectively.
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with both input signals (H + V) results in the maximum sliding 
displacement along Bv, which is 30 cm for signal #688, while the 
displacement along the upstream counterpart, Bm, is invariably zero for 
all input signals adopted (Fig. 27a). Further predictions were made by 
eliminating (case H in Fig. 27b) or reversing (case H-V in Fig. 27c) the 

vertical acceleration, as done in the complete analyses. In contrast to the 
reference analysis (H + V), the new analysis sets, H and H-V, yield lower 
displacements along Bv, suggesting that in the reference analysis, the 
sign of the vertical accelerations had a stabilizing effect. Accordingly, 
greater upstream displacements activate for Bm under H and H-V 

Fig. 22. Input acceleration signals (horizontal, ax, and vertical, ay, components) and displacements induced at the dam crest by two pairs of input signals in complete 
analyses, conducted under both full impounding and empty conditions.

Fig. 23. Deformed shapes and settlement contours induced by signal 1432 under (a) full impounding and (b) empty conditions.
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scenarios related to the #688 input motion.
In empty conditions (Fig. 28), the reference analyses conducted with 

the signals (H + V) show that Bv displaces far less than under full 
impounding (9 against 30 cm). Conversely, Bm experiences a higher 
displacement (5.5 cm against 0 cm).

6. Discussion

From the outcomes of the performed numerical study, which in
cludes both advanced and simplified dynamic approaches, the following 
general considerations regarding the seismic performance of the Conza 
Dam under the Collapse-Limit-State seismic scenario can be drawn.

Referring to the predictions from the complete analysis, the 
maximum permanent settlements computed at the dam crest are of the 

same order of magnitude as the maximum sliding displacements esti
mated by a refined Newmark method along the extended Bv-Bm sliding 
surfaces that traverse the entire embankment section (Fig. 26). Specif
ically, the average settlement from the advanced analyses is approxi
mately 20% higher. This difference is consistent with two primary 
mechanisms contributing to seismic-induced settlements in an earth 
dam (Sica et al., 2008): diffuse plastic strains and sliding, as opposed to 
the unique mechanism of sliding considered in the pseudo-dynamic 
analyses.

Still referring to complete analyses, the relationship between seismic 
intensity measures and dam performance in terms of crest settlements 
shows a markedly linear trend if the parameter IF (weighted total 
power), which takes into account the frequency content of the signal 
unlike the Arias intensity, is considered.

Under full impounding conditions, deformation in the upstream shell 
increases significantly. The rise in pore water pressures within this zone 
reduces the effective stress levels, leading to a corresponding decrease in 
soil resistance during the seismic stage. The weaker response of the 
upstream shell is evident from the complete analysis, which reveals a 
deformational pattern characterized by shell shortening and pro
nounced core tilting. This behavior is also reflected in the pseudo- 
dynamic analyses, where sliding displacements are greater for surfaces 
included in (e.g., Am) or largely crossing through (e.g., Bv) the upstream 
shell. In contrast, the downstream shell, characterized by widespread 
dry conditions, exhibits zero sliding displacements for surfaces included 
in it (e.g., Av).

In pseudo-dynamic analyses, the vertical acceleration sign affects 
significantly the size of the displacement for extended surfaces of Bv and 
Bm types.

Fig. 24. Permanent crest settlement vs (a) Arias Intensity AI, (b) weighted total power (IF) and (c) damage intensity (ID)of the horizontal input acceleration for the 
seven signals of the CLS scenario, as provided by the complete analysis.

Fig. 25. Local safety factor to hydraulic fracturing, RHF, along the core axis before and at the end of the seismic stage relevant to the seven input signals, as provided 
by the complete analysis.

Fig. 26. Most critical sliding surfaces in absolute terms (Am) and among those 
crossing the core (Bv), along with their counterparts on the opposite slope. 
Displacements for all surfaces are presented in the subsequent figures.
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Fig. 27. Sliding displacements computed under full impounding conditions at steady state for the considered sliding surfaces. In (a), displacements induced by the 
reference seismic scenario (case H + V); in (b) and (c), displacements predicted by eliminating (case H) or reversing (case H-V) the vertical input acceleration, 
respectively.
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In pseudo-dynamic analyses, the direction of seepage forces within 
the core and the downstream shell also influences the displacements 
along the extended surfaces, contributing to Bv displacements being 
higher in absolute terms compared to those of Bm. Passing from full 
impounding to empty conditions, Bv displacements decrease primarily 
due to the significant strength recovery in the upstream shell and, 
additionally, because of the disappearance of seepage forces that pre
viously promoted downstream movements. Simultaneously, the 
removal of seepage forces triggers minor displacements along Bm.

Significant Am-type displacements do not raise safety concerns, as 
these surfaces are superficial. Conversely, the moderate Bv displace
ments, from an engineering perspective, represent a core discontinuity 
that may be susceptible to concentrated leakages during post-seismic 
stages. Additionally, these discontinuities are likely to persist over 
time or even expand, as suggested by minimal total stresses computed by 
complete analyses, which, when compared to the impounding pressure, 
indicate a susceptibility of the core to hydraulic fracturing. The same Bv 
displacements, on the other hand, indicate only minor filter dislocations, 
which have minimal impact on the filter's continuity and do not 
compromise its functionality.

7. Conclusions

In several applications involving zoned earth dams subjected to 
seismic loading, the damage level is quantified by predicting the per
manent settlement at the embankment crest, without delving into the 
specific mechanisms that might compromise dam safety, often referring 
to simplified methods. This practice could be misleading for zoned earth 
dams, as crest settlements do not always reveal the damage type retro
spectively (i.e., damage can increase even with decreasing settlements). 
Stiffer shells, for instance, settle less but enhance core arching, and 
consequently, hydraulic fracturing. This demonstrates that settlement is 
not directly related to the damage level.

In diagnosing the possible damage mechanisms induced by a strong 
earthquake, the paper redefines the conventional approach hierarchy 
adopted in the seismic analysis of zoned earth dams, showing that 
pseudo-dynamic and complete approaches are complementary methods 
addressing different damage mechanisms, with their combined use 
providing a more comprehensive and reliable assessment of earthquake- 
induced deformations.

This concept was illustrated by the case-study of the Conza Dam in 
Italy, the first documented example of a dam partially raised on a pre
vious seismically deformed embankment. The distinctive seismic- 
induced settlement pattern, delivered from a thorough interpretation 
of monitoring data, offered unique evidence for interpreting dam 
seismic response both empirically and numerically.

The complete approaches mainly quantify core stresses functional to 
assess susceptibility to hydraulic fracturing, while the pseudo-dynamic 
ones target the magnitude of dislocation along sliding surfaces that 

cross the core. Additionally, the paper illustrates how the dam moni
toring history, particularly when the dead load and past seismic events 
produce major deformation, can assist in calibrating various parameters 
needed in complete analyses. In this perspective, the comparison be
tween previous and recent soil tests further provides insights into po
tential changes in the physical and mechanical properties of the 
construction materials over a long operational stage. In overall, the 
synergistic use of Newmark-type methods and advanced numerical an
alyses offers a comprehensive understanding of the seismic response of 
earth dams under real or scenario-based earthquake loading. Drawing 
on the paradigmatic case of the Conza Dam, this research study provides 
a valuable reference for guiding seismic assessment procedures of other 
zoned earth dams located in seismically active regions.
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